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The primary focus of this research is to investigate the non-linear behavior of 
single crystal and polycrystalline relaxor ferroelectric PMN-xPT and PZN-xPT through 
experimentation and modeling.   
Characterization of single crystal and polycrystalline specimens with similar 
compositions was performed.  These data give experimental insight into the differences 
that may arise in a polycrystal due to local interaction with inhomogeneities.  Single 
crystal specimens were characterized with a novel experimental technique that reduced 
clamping effects at the boundary and gave repeatable results.  The measured 
experimental data was used in conjunction with electromechanical characterizations of 
other compositions of single crystal specimens with the same crystallographic orientation 
to study the compositional effects on material properties and phase transition behavior. 
Experimental characterization provided the basis for the development of a model 
of the continuous phase transformation behavior seen in PMN-xPT single crystals.  In the 
modeling it is assumed that a spatial chemical and structural heterogeneity is primarily 
responsible for the gradual phase transformation behavior observed in relaxor 
ferroelectric materials.  The results are used to simulate the effects of combined electrical 
and mechanical loading.   
An improved rate-independent micromechanical constitutive model based on the 
experimental observations of single crystal and polycrystalline specimens under large 
field loading is also presented.  This model accounts for the non-linear evolution of 
variant volume fractions.  The micromechanical model was calibrated using single crystal 
 
 xx
data.  Simulations of the electromechanical behavior of polycrystalline ferroelectric 
materials are presented.  These results illustrate the effects of non-linear single crystal 


































Piezoelectric materials are a class of materials that exhibit a thermo-
electromechanical coupling.  These materials are widely used in engineered devices and 
systems that either convert mechanical energy into electrical signals such as sonar, 
ultrasound and charge generators or convert electrical energy into mechanical 
displacement such as actuators and micro-positioning systems.  This chapter presents a 
review of the basics of piezoelectricity and ferroelectricity, relaxor ferroelectric materials 
and gives an overview of the contents of this thesis.   
 
 
1.1 Piezoelectric Materials  
The Discovery of the Piezoelectric Effect 
The piezoelectric effect (surface charge from mechanical pressure) was 
discovered in 1880 by the Curie brothers, Pierre and Jacques.  Since then, piezoelectricity 
has been found in many naturally occurring materials such as tourmaline, quartz, topaz, 
cane sugar and Rochelle salt. The brothers experimentally discovered that a surface 
charge could be measured when a mechanical stress was applied to certain crystals that 
had been given a surface treatment. The brothers also discovered that there was a 
relationship between temperature and surface charge intensity. The Curie brothers, 
however, did not predict the converse piezoelectric effect (electricity from a mechanical 
stress). It was not until 1881 when Gabriel Lippmann, Marie Curie's thesis advisor, 
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proved mathematically that the converse piezoelectric effect was possible that the Curie 
brothers quickly completed experiments to show that it was indeed present.   
 
Perovskites and the Discovery of Ferroelectricity 
Perovskite is the name for the general class of crystals that take on the basic 
chemical formula ABO3.  These crystals have the ability to reorient their polarization 
direction through the application of external loads over a range of temperatures 
(ferroelectricity), something that is not seen in all piezoelectric materials.  Although 
ferroelectricity was previously proposed, it was not until 1921 that this phenomenon was 
experimentally discovered in single crystal Rochelle salt specimens [1].  Water-soluble 
rochelle salt (sodium potassium tartrate tetrahydrate) and potassium dihydrogen 
phosphate (KDP) were the only two ferroelectric materials known until barium titanate 
(BaTiO3).  The exact history of the discovery of barium titanate is unclear because much 
of the initial research began in secrecy in the early 1940s during World War II for use in 
high dielectric-constant capacitors.  After the conclusion of the War, much of the 
research that was accomplished in secrecy was published and the source of the high 
dielectric constant was determined to be due to the ferroelectric behavior [2, 3].   
The discovery of lead zirconate titanate (PZT, Pb(Ti,Zr)O3) came about in the 
early 1950s [4] and offered increased properties over barium titanate including lower 
dielectric loss and higher Curie points [5].  PZT is a solid solution of lead zirconate (PZ, 
PbZrO3) and lead titanate (PT, PbTiO3) where the ratio between the components can be 
varied, changing material properties.  In addition, additives such as lanthanum can be 
included in the solid solution to affect the constitutive behavior.   The variability in PZT 
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material properties due to mixture ratios led to the discovery of the morphotropic phase 
boundary (MPB) where exceptional piezoelectric coefficients were discovered [6].  
Efforts to grow single crystal PZT failed [7], stalling major single crystal research until 
the early 1990s. 
 
Relaxor Ferroelectrics 
It was not until the early 1950s that lead based relaxor ferroelectric materials with 
the chemical formula of Pb(B’,B”)O3, where B’ is a low valence cation and B” is a high 
valence cation, were discovered by Soviet researchers [8, 9].  Materials with this 
chemical structure were shown to not display Curie-Weiss behavior, instead having a 
diffuse dielectric permittivity around the Curie point.  Of the many interesting relaxor 
materials discovered, lead magnesium niobate (PMN, Pb(Mg1/3Nb2/3)O3) proved to be the 
most promising [10].  PMN was shown to have reduced electrical conduction [11] and an 
anhysteretic electrostrictive effect [12, 13], making it useful for many applications, such 
as micro-positioning systems.    
In the late 1970s, it was discovered that by creating a solid solution of PMN and 
PT the phase transformation temperature and the anhysteretic quadratic strains increased 
[14].  This finding was quickly followed by the discovery that with increased 
compositional levels of PT, the electrostrictive behavior of PMN-PT ((1-
x)Pb(Mg1/3Nb2/3)O3-xPbTiO3) was replaced by a more normal ferroelectric behavior seen 
in other materials [15].  This led to the creation of the phase diagram which showed a 
MPB separating the room temperature stable rhombohedral and tetragonal phases [16].   
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Although single crystal PMN was initially reported in the early 1960s [9, 17], it 
was not until the late 1960s that solid solution single crystal relaxor ferroelectrics 
emerged for another relaxor ferroelectric material, lead zinc niobate (PZN, 
Pb(Zn1/3Nb2/3)O3) [18, 19].  It was found that single crystal PZN-PT ((1-
x)Pb(Zn1/3Nb2/3)O3-xPbTiO3) behavior was phase [20] and orientation [21, 22] dependent, 
with some compositions and  crystallographic directions exhibiting extremely large 
piezoelectric behavior.  This work was followed by the studies of single crystal PMN-PT 
in the early 1990s [22, 23] and renewed the interest in ferroelectric materials.  Today 
single crystal and ceramic ferroelectrics continues to be an exciting research area that 
promises even further discoveries. 
 
1.1.1 Piezoelectricity 
The piezoelectric effect is associated with a lack of charge symmetry about the 
center of a unit cell.  A unit cell is the smallest three-dimensional atomic structure 
periodically repeated throughout the crystalline structure that still shows the crystal 
symmetry [6].  There are 21 classes of crystals that do not have a center of symmetry, 
with 20 of those classes being piezoelectric.  The remaining non-piezoelectric class, 432 
point group, does not show a piezoelectric effect because of the combination of other 
symmetry elements.  Each piezoelectric crystal class has a symmetry which is reflected in 
the material properties such as compliance, piezoelectric constants and dielectric 
permittivity [24].  The piezoelectric effect is not found exclusively in crystalline 
materials.  Certain kinds of polymers have been found that exhibit electromechanical 
behavior including rubber, wood fiber and silk.  Figure 1-1 shows a schematic of a cubic 
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(a) and tetragonal (b) unit cell for lead titanate, PT.  The non-piezoelectric cubic unit cell 
is referred to as the paraelectric phase and is found above the material specific Curie 
point.  As the material is cooled past the Curie point a spontaneous polarization, Ps, is 
formed by a phase transformation into the tetragonal phase.  The tetragonal phase has 
transverse isotropic symmetry and six possible spontaneous polarization directions along 
the principal axes.  The spontaneous polarization is shown schematically in Figure 1-1 as 
the displacement of the central titanium ion.  Accompanying the spontaneous polarization 
is an elongation parallel to the polarization direction and a contraction perpendicular to it.   
 






Figure 1-1. Schematic of the high temperature cubic crystal structure (a) and the lower 





 Ferroelectric materials are a subgroup of piezoelectric materials.  Materials which 
fall into this category have a spontaneous polarization within a defined temperature range 
and the ability to reorient their spontaneous polarization through the application of an 
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external field [25].  A net remanent polarization may be produced in a multidomain 
ferroelectric material by applying a dc electric field greater than the coercive field [25].  
This is defined as poling.   
The reorientation of spontaneous polarization in ferroelectric materials is 
principally controlled by the motion of domain walls.  Domains are regions of a 
ferroelectric material which share the same spontaneous polarization direction.  The 
boundary between neighboring domains is called a domain wall.  Reorientation of the 
polarization of unit cells in an unconstrained ferroelectric single crystal due to an applied 
field results in translation of domain walls.  Polarization reorientation within one phase 
can be induced by either applied stress (ferroelastic switching) or electric field 
(ferroelectric switching).  Ferroelectric polycrystalline material behavior is more 
complicated as each of the randomly oriented grains is a constrained single crystal 
subjected to local stress and electric field due to grain boundaries and local 
inhomogeneities.  Figure 1-2 shows the experimentally measured electric displacement 
behavior of a soft (donor doped) PZT polycrystal (3195HD) manufactured by the CTS 
Communications Corporation, Inc.  This composition is comparable to the Naval 

























 An unpoled polycrystalline ferroelectric material initially has no remanent strain 
or electric displacement.  This is shown in Figure 1-2 as point (a).  With the application 
of an electric field the spontaneous polarization direction of each grain begins to switch 
to the most favorable orientation.  This results in increased polarization indicated by the 
arrow leading from Point (a) to Point (b).  Point (b) denotes the saturation point when the 
domains are as closely aligned parallel to the electric field as possible.  Point (c) 
represents the maximum electric displacement occurring at the maximum applied electric 
field.  As the electric field is reduced the electric displacement will also decrease, but will 
not return to the initially zero value.  This is because some domains will not return to 
their original orientations.  Inhomogeneities can cause ferroelastic or ferroelectric 
switching to unstable, or unfavorable, domain states because of locally generated fields.  
Point (d) represents the remanent polarization, or the residual electric displacement.  This 
value is smaller than the spontaneous polarization of the unit cell because the measured 
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polycrystalline behavior is the volume average of all grains.  At this point the polycrystal 
is said to be poled.  Further reduction of the electric field causes domains to reorient 180o 
from their poled polarization direction when the coercive field is reached.  The coercive 
field is defined as the electric field required to reduce the polarization to zero.  Again 
increasing the electric field will cause the polarization to again switch 180o and will 
complete the electric displacement hysteresis loop. 
 
1.1.3 Relaxor Ferroelectrics 
 Relaxor ferroelectric materials are distinguished by their dispersive dielectric 
response and diffuse phase transformations about the temperature at which maximum 
dielectric permittivity is measured, Tmax [26].  Relaxor ferroelectrics also show a decrease 
in hysteresis and remanent polarization as the temperature is increased to Tmax, frequency-
dependent ferroelectric properties and the optical isotropy at temperatures below the 
dielectric maximum when there is no external field. 
 Recently solid solutions of PMN-xPT [12, 27], (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3, 
and PZN-xPT [28], (1-x)Pb(Zn1/3Nb2/3)O3-xPbTiO3, have been developed for use in 
engineered structures.  The addition of the ferroelectric PT to relaxor PMN or PZN forms 
a complex solid solution system with enhanced electromechanical properties [29].  The 
addition of PT was also shown to increase the temperature at which maximum dielectric 
permittivity was found [30].  In non-relaxor ferroelectrics this is called the Curie point.  
Extensive work has been done on the growth of relaxor PMN-xPT and PZN-xPT single 
crystals by the flux growth, top-cooled solution growth, bottom-cooled solution and the 
Bridgman growth techniques [31-36].  Presently it remains difficult and expensive to 
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manufacture large single crystals with minimal fluctuations in piezoelectric properties 
[37, 38] for academic research or industrial applications [39].  Figure 1-3 shows the strain 
behavior of various compositions of PMN- and PZN-based single crystal and 




   (a)      (b) 
 
Figure 1-3. Electric field induced strain for various compositions of relaxor single 
crystals and ferroelectric polycrystals.  Low electric field loads (a) produce nearly linear 
material response while at elevated electric fields (b) the initiation of phase 
transformations are apparent from the presence of hysteresis and nonlinear change in the 




  Because of the symmetry in single crystals certain crystallographic orientations 
exhibit larger electromechanical couplings and reduced non-linearity and hysteresis.  
Experimental investigations have principally focused on the 001  due to the large 
electromechanical coupling factor (k33 > 90%), piezoelectric constant (d333 > 2500 pC/N), 
dielectric permittivity ( 500033 ≥κ ) and low dielectric loss ( %1≤ ) [29].  Park and Shrout 
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[29] have experimentally measured longitudinal strains as high as 1.7% in single crystal 
PZN-0.08PT applied with a ~120kV/cm electric field.  As the crystallographic orientation 
is changed to the 111  crystal cut the measured longitudinal strain decreases.  The 
exceptional material properties have been related to the domain and phase states [39].   
 Implementation of relaxor single crystals in applications can be challenging.  
Their constitutive behavior is rate-dependent as well as sensitive to temperature, electric 
field and stress [6].  They generally have a low coercive field, when compared to 
polycrystalline materials, which limits their usable loading range unless a bias field is 
applied [6].  Further understanding of the nonlinear electromechanical response, domain 
evolution, phase evolution and effects of composition on this behavior are important 
components of the implementation of these materials into new applications. 
 
 
1.2 Contents of Dissertation 
 
Chapter 2 presents a more detailed description of the primary length scales under 
consideration in a ferroelectric material and their effects on measurable behavior as well 
as the macroscopic constitutive relations of ferroelectric materials.  In addition, previous 
experimental characterization of polarization reorientation and phase transformations and 
the nonlinear modeling of ferroelectric single crystal and polycrystalline materials are 
reviewed. 
An experimental characterization and comparison of the measured large field 
constitutive behavior of 001  oriented single crystal PMN-0.26PT and polycrystalline 
PMN-0.32PT specimens is presented in Chapter 3.  Electric displacement and strain were 
measured along the poling axis as a function of combined unipolar stress and bipolar and 
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electric field loading.  Also presented is a comparison of measured single crystal behavior 
with previously published results for 001  oriented single crystal PMN-0.32PT.  This 
gives a direct indication of the effect of composition (proximity to the MPB) on the 
single crystal behavior.  The results are discussed in terms of the effects of domain wall 
and phase boundary motion. Chapter 3 also introduces an improved characterization 
technique for measuring the electromechanical properties of smaller specimens. 
The constitutive behaviors of relaxor 001  oriented single crystal PMN-0.27PT 
and PMN-0.29PT were characterized at the Naval Undersea Warfare Center in Newport, 
Rhode Island at various temperatures in response to stress and electric field loading.  The 
raw data was forwarded for graphical representation and interpretation.  The experimental 
results are presented in Chapter 4 as three-dimensional surface plots that show the effects 
of applied fields.  A comparison of results to those of earlier studies on different 
compositions of PMN-xPT single crystals near the morphotropic phase boundary is made 
illustrating the effects of composition on the phase transformation behavior and the linear 
material properties. 
In Chapter 5, a model of the continuous field driven phase transformations 
observed in PMN-xPT relaxor ferroelectric single crystals is presented along with a 
comparison to experimentally measured material response.  In developing the model it 
was assumed that the field induced diffuse phase transformations in relaxor ferroelectrics 
are the result of property fluctuations at the nanometer length scale.  An energy analysis 
was utilized in simulating the effect of the orientation of the applied load with respect to 
the crystallographic axes. 
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Chapter 6 presents a micromechanical model of the constitutive behavior of 
polycrystalline PMN-0.32PT in terms of the measured constitutive behavior of single 
crystals of similar composition.  The non-linear and hysteretic constitutive behavior of 
ferroelectric polycrystalline materials is governed by mechanisms that are associated with 
several smaller length scales and over multiple time scales.  These include the length 
scales of grains, domains, defect structures and unit cells.  The variant volume fractions 
evolve in response to local stress and electric fields.  The effects of the form of the 
evolution law on the predicted polycrystalline behavior are explored and compared with 
measured single crystal and polycrystalline behavior. 
 The final Chapter of this dissertation provides major conclusions and 
recommendations for further research.  These results are utilized to draw comparisons 
between single crystal and polycrystalline behavior as well as develop energy-based 































Relaxor ferroelectric single crystals have been shown to have exceptional 
electromechanical properties [29] and in recent years refined crystal growth techniques 
[32] have provided both larger and less expensive single crystals.  This has led to their 
utilization in many high-performance engineered structures such as sensors, receivers and 
actuators.  Polycrystalline ferroelectric materials, although exhibiting decreased 
electromechanical properties from single crystals, are a useful lower cost alternative in 
many applications.  The subsequent review will consider (i) the primary length scales 
under consideration and their effects on measurable behavior, (ii) experimental 
characterization of polarization reorientation and phase transformations, (iii) the 
macroscopic constitutive relations of ferroelectric materials and (iv) the nonlinear 
modeling of ferroelectric single crystal and polycrystalline materials. 
 
2.1 Length Scales in Ferroelectric Materials 
 The behavior of ferroelectric materials is governed by complex multiscale 
phenomena, where nonlinearities at each length scale affect the macroscopic constitutive 









2.1.1 Unit Cell Length Scale 
 The piezoelectric effect is associated with a lack of charge symmetry about the 
center of a unit cell [6].  The separation of the positive and negative charge centers in a 
unit cell is directly related to the spontaneous strain and electric displacement.  Change in 
the equilibrium distance between charge centers is called the linear piezoelectric effect.  
In ferroelectric materials the spontaneous polarization direction can be switched to 
another energetically equivalent direction through externally applied loads.  Volume 
averaging the responses of all unit cells provides the intrinsic response of a ferroelectric 
material.   
A simplified model of ferroelectric unit cell switching is presented in Figure 2-2.  
This model considers the tetragonal perovskite crystal phase which has six possible 
distinct spontaneous polarization directions, called variants.  Above a material specific 
temperature, called the Curie point, the unit cell has a non-ferroelectric (paraelectric) 
cubic symmetry (the unit cell does not have a spontaneous polarization direction).  The 
spontaneous polarization forms in the unit cell when the temperature is reduced below the 
Curie point.  Figure 2-2b shows a unit cell with spontaneous polarization.   In this state 
the unit cell has a particular polarization direction that can be reoriented through the 
180° domain wall Remanent 
polarization 
grains (1-10 μm) domains (nm-μm) crystal lattice (3-4A°) 
Pr
ceramic (>~1mm) 
90° domain wall 
 
 15
application of an electrical (Figure 2-2c) or mechanical load (Figure 2-2d).  This is 
referred to as switching, or polarization reorientation.  It is possible for an electrical load 
to reorient the polarization direction to any of the other five possible variants; however a 




Figure 2-2. Idealized tetragonal ferroelectric unit cell undergoing a phase transformation 
from the paraelectric phase (a) at high temperature to the ferroelectric phase (b) due to 
cooling below the Curie point (Tc).  Below the Curie point the ferroelectric unit cell can 
undergo ferroelectric switching (c) due to applied electric field or ferroelastic switching 




In addition to reorienting the polarization, the application of external fields can 
also initiate phase transformations in relaxor PMN-xPT ( 33.00 ≤≤ x ), and PZN-xPT 
( 08.00 ≤≤ x ), materials [28, 41-43]. Common crystal phases for PMN-PT and PZN-PT 
are tetragonal, rhombohedral, orthorhombic and the monoclinic phase.  Each phase has a 
crystal symmetry with associated symmetries of the elastic, dielectric and piezoelectric 
tensors unique to that phase [24].  The spontaneous polarization directions of the 
Paraelectric ( T > Tc ) 
Unpoled 
Eapplied = 0 
εs = 0 
Ps = 0 


















tetragonal, rhombohedral and orthorhombic phases are oriented in the 001 , 111  and 
011  cubic referenced directions, respectively, which creates 6 possible polarization 
directions for tetragonal, 8 possible polarization directions for rhombohedral and 12 
possible polarization directions for orthorhombic.  There are also three monoclinic phases 
(MA, MB, MC) which are the result of a continuous polarization rotation between phases 
[44].  Figure 2-3 shows the three phases possible below the Curie point with the possible 




Figure 2-3. Unit cell illustrating the polarization direction and relationships of the 





 The symmetry of the compliance, piezoelectric and dielectric material tensors is 

















crystal symmetry [24].  The tetragonal phase has 4mm symmetry which results in non-
zero piezoelectric components d31=d32, d33 and d15=d24 and non-zero compliance 
components of s11=s22, s12, s13=s23, s33, s44=s55 and s66.  The rhombohedral phase has 3m 
symmetry which has non-zero piezoelectric components d31=d32, d33, d15=d24 and -
2d22=2d21=d16 and non-zero compliance components s11=s22, s12, s13=s23, s33, s44=s55, s56=-
2s24=2s14 and s66=2(s11-s12).  The orthorhombic phase has mm2 symmetry which results in 
non-zero piezoelectric components d31, d32, d33, d15 and d24 and non-zero compliance 
components s11, s12, s13, s22, s23, s33, s44, s55 and s66.   
 The phase state of a relaxor single crystal is dependent on the composition and 
applied fields such as stress, electric field and temperature.  Recent x-ray diffraction 
studies have shown that PMN-xPT single crystals at room temperature have a 
rhombohedral phase structure when x < 0.3, and a tetragonal phase when x > 0.35 to 0.37 
[47, 48].  The region which separates the rhombohedral and tetragonal phase is called the 
morphotropic phase boundary (MPB).  Similar behavior is seen in PZN-xPT single 
crystals which display a MPB for x ≈ 0.08.  Studies have shown that PMN-xPT and PZN-
xPT specimens near the MPB are in a multiphase state and have speculated that this may 
be the cause of the increased electromechanical properties [39, 47, 49]. A number of 
researchers have shown experimental evidence of monoclinic phases for various 
compositions of PMN-xPT and PZN-xPT specimens near the MPB [47, 50-53].  Figure 2-
4 shows phase diagrams for PMN-xPT and PZN-xPT as a function of temperature and 
composition [47, 54].  
Previous experimental work on the compositional dependence of single crystal 
relaxor ferroelectrics has focused on determining the electromechanical coefficients at 
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various compositions, primarily around the MPB [29, 55, 56].  However, little work has 
focused on understanding the effect of composition on field induced phase transitions.  
Increased understanding of phase transformation behavior is imperative for increasing 
modeling capabilities and successful implementation of these materials into new 




 (a)            (b) 




2.1.2 Domain Length Scale 
 Clusters of unit cells with like spontaneous polarization are called domains.  
Domains form in ferroelectric polycrystals as “energy minimizers” during cooling from 
the sintering temperature to reduce the elastic energy associated with mechanical 
constraints between grain boundaries, and the electrostatic energy of the depolarizing 
electric field within the crystal [44].  Numerous domains tend to form in a single 
Lima-Silva et al. 
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specimen, with the boundary between two different domains referred to as a domain wall.  
Reorientation of the spontaneous polarization and spontaneous strain of the unit cells 
within each domain occurs when an applied electrical or mechanical field is in excess of 
the coercive field, i.e. the field required to cause domain reversal [6].  However, the 
entire domain will not simultaneously reorient.   Domain switching will nucleate, most 
likely near areas of increased driving force such as a surface or a field concentration, 
followed by the growth of the switched area.   This effect will “sweep” through the 
material eventually switching the polarity of each unit cell until there is no longer a 
driving force for switching [57].  This process is referred to as domain wall motion and is 
in some ways analogous to the dislocation motion in plasticity [58, 59].   Domain wall 
motion is rate dependent.  At low applied field levels domain walls can bend. At higher 
applied fields the local barriers to domain wall motion, such as vacancies, interstitials and 
inclusions are unable to stop further motion.  The assumption that the translation of 
domain walls past lattice defects represents a system of irreversibility and in conjunction 
with the sweeping effect causes domain wall motion to be a hysteretic effect is consistent 
with macroscopic observations [60].   The domain wall motion effect is seen in single 
crystal ferroelectric materials in addition to the single crystal grains of ferroelectric 
polycrystalline materials.  Attempts have been made to experimentally witness domain 
wall motion in polycrystalline ferroelectrics [61, 62].  Li et al. [62] presented evidence 
that polarization switching of PZT polycrystals near the morphotropic phase boundary is 
primarily controlled by 90o switching.  Figure 2-5 shows domain patterns seen in PZN-
0.045PT single crystal specimens with a polarizing microscope.  PZN-0.045PT is on the 






Figure 2-5. Observed domain patterns in (a) 001  poled [63], (b) 111  poled [63] and 
(c) 110  poled [64] PZN-0.045PT single crystal specimens.  On the right are schematic 
representations showing the orientation of the perovskite rhombohedral unit cell relative 
























2.1.3 Single Crystal Grain Length Scale 
 Polycrystal materials are comprised of many grains, where each grain is a single 
crystal.  After the manufacture of a polycrystal the individual grains are randomly 
oriented and in a multi-domain state.  This results in the as-sintered polycrystalline 
specimen having zero remanent strain and polarization; the polycrystal must be poled by 
applying an appropriate electric field above the coercive field to induce piezoelectric 
behavior.  Figure 2-6 is an electron backscatter diffraction image of a PZT composition 
near the MPB.  This micrograph shows individual grains (larger blocks which are 
approximately 5 μm across), domain formation inside grains (dark and light striations), 
domain walls, porosity (dark areas surrounded by white), triple points (where three grains 
come together at the same location) and porosity at the triple points.   
 
 
Figure 2-6.  Electron backscatter diffraction image of a polished PZT specimen with a 
composition near the MPB (From collaboration with Dr. E. Kennik at ORNL through the 
SHARE program).  A micrograph marker was not provided, however, the grains are 
approximately 5 μm wide. 
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 A polycrystalline material is a conglomeration of single crystal grains.  To 
accurately predict polycrystalline behavior, the orientation dependent nonlinear hysteretic 
response of single crystal materials must first be understood.  Through the application of 
external fields it is possible to change the domain state of a ferroelectric single crystal.  
Most single crystal applications attempt to avoid large field polarization reorientation 
because it can cause excessive heat generation, eventual material degradation and 
possible component failure.  However, in order to understand material behavior it is 
important to have experimental measurements of the large field bipolar response of single 
crystal switching.  The electromechanical behavior of single crystal materials has been 
investigated by multiple authors for different compositions [29, 45, 64-69].  Ujiie and 
Uchino [69] observed domain reversal in relaxor ferroelectrics PZN-xPT using a high-
resolution charge coupled device (CCD) sensor.   Park and Shrout [29] measured the d33 
coefficient of PZN-xPT single crystals as a function of composition showing a maximum 
of electromechanical response in the vicinity of the MPB on the rhombohedral side for 
the 001  crystallographic orientation.  In  this study the bipolar longitudinal strain and 
electric displacement were also measured for the 001  and 111  cut PZN-0.08PT single 
crystals along with the unipolar strain and electric displacement for a series of off-axis 
crystal cuts beginning in the 001  orientation and proceeding to the 111  crystal cut.  
Liu et al. [65] measured the dependence of selected piezoelectric properties as a function 
of applied electric field for 001  and 111  oriented single crystal PZN-0.045PT.  Liu 
and Lynch [64] measured the electromechanical behavior of 001  and 110  oriented 
single crystal PZN-0.045PT.  The experimental investigations were used to compute 
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piezoelectric properties for 111  oriented crystals. Liu and Lynch [66, 67] 
experimentally characterized the bipolar and unipolar behavior of off-axis cuts of single 
crystal PZN-0.045PT between the 001  and 111  orientations.  This work extended 
previous works by showing the response to electric field at constant levels of stress bias 
and the strain and electric displacement response to a uniaxial compressive stress.  
McLaughlin et al. [45, 68] measured the strain and electric displacement response for a 
series of unipolar electric field and stress loadings for 001  and 110  oriented PMN-
0.32PT single crystals at varying temperatures.  This study showed three-dimensional 
plots of the electromechanical response and phase transformation behavior. 
 All the above reports show that the behavior of single crystals is dependent on 
orientation as well as applied fields and composition.  After manufacturing, single 
crystals are typically in a multi-domain state.  The domain state evolves in response to 
applied fields in accordance with the crystallographic orientation.  Figure 2-7 shows 
measured polarization and strain for single crystal PZN-0.08PT in the 001  and 111  








Figure 2-7. The polarization (a)(c) and longitudinal strain (b)(d) measurements of 111  





2.1.4 Polycrystalline Length Scale  
 At the macroscale ferroelectric polycrystals are typically modeled as a 
homogeneous transversely isotropic material.  This methodology smears away microscale 




small applied loads and low temperature where the linear characterization of the 
macroscopic behavior is applicable.  However, ferroelectrics are in wide use in many 
applications that simultaneously expose the ferroelectric polycrystal material to high 
levels of stress, electric field and temperature.  These operational conditions can cause 
nonlinearity by inducing polarization switching, domain wall motion and phase changes.    
Many researchers have worked on the experimental characterization of major 
hysteresis loops in ferroelectric polycrystals.  Early experimental efforts focused on the 
material behavior under only uniaxial electric field [70].  A number of researchers have 
worked to characterize the major hysteresis loops of polycrystal materials under 
combined stress and electric field loading [71-75].  Cao and Evans investigated the 
electromechanical coupling and nonlinearity in ferroelectric polycrystals [71].  Lynch 
[74] characterized the electromechanical behavior of soft PZT (lanthanum doped PZT, 
8/65/35 PLZT) above the coercive field.  In this study, initially unpoled PLZT specimens 
were simultaneously subjected to a uniaxial stress and electric field.  Experimental efforts 
have focused on characterizing ferroelectric materials under other ambient conditions and 
loads.  Chen and Lynch [72] measured the multiaxial constitutive behavior of pressurized 
8/65/35 PLZT cylinders in compression.  In this work they mapped a ferroelastic 
polarization reorientation threshold surface.  Fett et al. [76] conducted torsion tests on 
thin-walled tubes of soft PZT finding good agreement with the Drucker-Prager yield 
criterion.  Fett et al. [77] tested the strain response of soft PZT specimens under tensile 
and compressive loads which were both unpoled and poled perpendicularly to the axis of 
applied stress.  Zhou et al. investigated the effects of uniaxial prestress [78] and electric 
field [79] on the electromechanical behavior of soft PZT.  Huber and Fleck [80] and Zhou 
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et al. [75] have looked at the multiaxial electrical switching of ferroelectric polycrystals 
which have provided researchers with an understanding of switching behavior at several 
initial polarization orientation angles.  This has provided a means with which to examine 
existing switching criteria in phenomenological models.  Each of these studies has 
measured the behavior of polycrystalline specimens and speculated on the underlying 
mechanisms without consideration of the single crystal behavior.  A polycrystalline 
ferroelectric material is comprised of many single crystal grains.  Inhomogeneities (i.e. 
porosity, inclusions and cracks) can cause complex local boundary conditions for each 
single crystal grain.  To more fully understand the magnitude of the effect of local 
singularities the experimental measurements of the polycrystal must be contrasted 
directly to experimental measurements of a comparable single crystal under similar 
loading conditions.  Chapter 3 presents such a study. 
Polycrystal materials are initially unpoled directly following manufacturing and 
do not display piezoelectric properties.  This is because of the random distribution and 
domain patterns of each crystalline grain [81].  Through the application of an electric 
field the individual polarization directions of the grains begin to align themselves 
producing measurable levels of strain and electric displacement.  A qualitative schematic 
of a polycrystal ferroelectric specimen before poling is shown in Figure 2-8a with the 
solid dark lines representing grain boundaries and the dashed lines representing domain 
walls.  After an electric field is applied beyond the coercive field the polarization 
directions of each domain, represented by arrows, begin to align themselves with the 
direction of the applied electric field.  When no further polar rotation is possible with 
increased loading the polycrystal is referred to as being in the saturated state. Domain 
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switching in each grain occurs at different levels of applied load.  This is partly due to 
preferential switching orientations as well as to irregularities that affect local fields, such 
as grain boundaries and intergranular inhomogeneities.  The particular domain patterns 
are dependent on defects that can either “pin” domain wall displacement by inhibiting 
motion, or conversely initiate it by creating areas of increased fields [6].  Both situations 
can cause areas of the polycrystal to begin switching at different applied loads.  A 
schematic of a ferroelectric specimen during poling is shown in Figure 2-8b.   The 
complete alignment of polar axes in a polycrystalline material can never be realized 
because of the originally random crystallographic orientation of each grain [6].   
Intergranular stresses which inhibit the reorientation of domains and defects in the bulk 
which can cause stress concentrations act similarly by preventing the polycrystal from 
achieving perfect polarization (a single domain state).  When the electric field is removed 
the dipoles will relax slightly reducing the polarization in the direction of the applied 
field, as shown in Figure 2-8c.  Polarization rotations have been exaggerated for clarity 
and the corresponding points on the longitudinal strain versus electric field (ε33-E3) 








Figure 2-8. Domain orientations in a polycrystalline ferroelectric material, initially in an 
unpoled state with no remanent strain or polarization (a).  During poling domain walls 
move and the polarization orientations change (b).  After the release of the electric field 
the material relaxes slightly and some domain walls return (c).  There is a remanent 
polarization and strain after poling operation.  Experimentally measured strain versus 




 The application of a compressive stress can also produce a change in the 
spontaneous polarization of each grain for poled polycrystalline ferroelectrics.  With the 
application of a compressive stress the individual polarization directions of the grains 
begin to reorient perpendicularly to the applied stress.  This effect produces measurable 
levels of strain and electric displacement.  Purely mechanical loading cannot force the 
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electric displacement to zero, which represents a polycrystal with all polarization 
directions oriented perpendicular to the applied field.  This is not the case with strain.  A 
qualitative schematic of a poled polycrystalline specimen is shown in Figure 2-9.  The 
spontaneous polarization directions of the grains, shown as arrows, begin to align 
themselves perpendicular to the applied compressive stress.  This is shown in Figure 2-
9b.  Upon the release of the compressive stress a number of grains regain some net out-
of-plane polarization (Figure 2-9c) which could potentially be due to intergranular 
interactions. The qualitative schematic is compared to the experimentally measured 
electric displacement and strain of a poled polycrystalline 8/65/35 PLZT specimen during 







Figure 2-9. Stress induced depolarization of polycrystalline ferroelectrics.  (a) The 
initially poled polycrystal has a remanent strain and electric displacement.  (b) Upon the 
application of a compressive stress the spontaneous polarization of each grain begins to 
reorient perpendicular to the applied field, depoling the polycrystal.  (c) When the 
compressive stress is removed some grains regain their original domain configuration.  
Experimental measurements of the electric displacement (D3) and longitudinal strain (ε33) 
of polycrystalline 8/65/35 PLZT in response to compressive mechanical stress (σ33) are 




2.2 Modeling Techniques 
 Since the discovery of piezoelectricity in the 1880’s (rochelle salt, quartz), single 
crystal ferroelectricity in 1921 (rochelle salt) and ferroelectricity in polycrystals in the 
1940’s (barium titanate) there has been a growing interest in ferroelectric materials. 
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been shown to be increasingly useful for numerous applications.  Improved single crystal 
grain growth techniques and increasing number of applications for ferroelectric materials 
have led to research efforts focused on theoretical and numerical models of the 
underlying mechanisms causing their electromechanical coupling, such as domain 
evolution and phase transitions under applied fields [43, 83-89].   
 
2.2.1 Linear Constitutive Relations 
 It can be shown that for quasi-static conditions with small perturbations the linear 
constitutive relationships for a piezoelectric material with applied stress, electric field and 
temperature as the independent variables are: 
 
,L E T T E
ij ijkl kl kij k ijs d E Tε σ α= + + Δ                        (2-1a) 
 
,L T T
i ikl kl ik k iD d E q T
σ σσ κ= + + Δ                                              (2-1b) 
 
where εij is the strain, sijkl is the compliance, σkl is the stress, dkij is the piezoelectric 
constant, Ek is the electric field, αij is the coefficient of thermal expansion, ΔT is the 
change in temperature, Di is the electric displacement, κik is the dielectric permittivity and 
qi is the pyroelectric coefficient; indices vary from 1 to 3.  Superscript L refers to the 
reversible (elastic) portion of strain and electric displacement.  Each of these material 
constants is dependent on the applied boundary conditions.  Superscripts, E, σ  and Τ 
refer to constant electric field, stress and temperature, respectively.  These are the general 
equations used to describe the linear behavior of piezoelectric materials.  It is important 
to note that these material constants are tensor components that are orientation dependent 
and can therefore be transformed to other orthogonal reference frames.  The total strain 
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and electric displacement in a ferroelectric material is the summation of the linear part 





ijij εεε +=           (2-2a) 
 
L R
i i iD D D= +           (2-2b) 
 
where the superscript R refers to the remanent portion of strain and electric displacement.  
The remanent polarization and strain are the volume average of the spontaneous 
polarization and strain plus and effects of stress and electric field at the local level that 
affect the macroscopic remanent terms.  As an unpoled ferroelectric specimen is loaded, 
the spontaneous polarization directions begin to align themselves with the most favorable 
direction.  When the load is removed not all domains switch back to the original 
configuration. 
 The polarization of a material is the electric dipole moment per unit volume.  
Electric displacement is the surface charge per unit area when there is no free charge 
within the dielectric.  They are related through the following linear expression: 
 
i i o iD P Eε= +               (2-3) 
 
where Pi is the polarization and oε  is the permittivity of free space which is defined as 
128.854 10 /o F mε
−= × .  Because of the relative size of the term o iEε  as compared to Pi, 
for most ferroelectric materials it is often neglected, making electric displacement 
approximately equal to the polarization of a ferroelectric material. During future 
discussions of ferroelectric material behavior the terms polarization and electric 
displacement will be used interchangeably.   
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2.2.2 Nonlinear Constitutive Modeling 
 Linear piezoelectricity is a well understood phenomenon that has been extensively 
implemented in commercially available finite element programs such as ANSYS and 
ABAQUS.  Current applications expose ferroelectric materials to levels of combined 
stress, electric field and temperature that can cause nonlinearity such as domain wall 
motion and phase transformation.  In this region of material behavior linear relations are 
no longer valid. 
Nonlinear ferroelectric constitutive behavior has been modeled using several 
different approaches that bridge multiple length scales. These include macroscale 
phenomenological models based on series expansions of energy functions as well as 
internal state variable approaches borrowed from metal plasticity used to describe yield 
surfaces governing polarization reorientation and hardening moduli governing 
polarization saturation [90, 91], micromechanics models that describe the macroscopic 
behavior in terms of material behavior at the level of the granular structure of the 
polycrystalline materials [92] and phase field models based on time dependent Ginsberg-
Landau theory that describe the behavior of the grains in terms of domain structure [43, 
93].  The macroscale internal state variable based phenomenological constitutive laws are 
the least computationally intensive; however they involve many variables that serve as 
fitting parameters that must be experimentally determined [94]. This requires a set of 
multiaxial experiments under combinations of stress and electric field that are difficult, if 
not impossible, to achieve experimentally. The solution to this dilemma has been to use a 
combination of experimental results and micromechanical simulations. The 
micromechanical approach is based on the multiaxial behavior of the material at the 
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length scale of the grains [92]. It involves representing the polycrystalline behavior as the 
volume average of the behavior of the single crystal grains. This approach has 
successfully been used in the development of multiaxial constitutive laws capable of 
reproducing major and minor hysteresis loops, but has had a significant shortcoming. The 
single crystal behavior had to be assumed and used as a fitting parameter due to a lack of 
available single crystal data.  Chapter 6 presents a developed model which utilizes 
measured single domain material properties and assumptions on the nonlinear volume 
fraction evolution based on experimental single crystal measurements to simulate the 
behavior of polycrystalline specimens on a similar composition.  A more thorough 
discussion of the micromechanical approach to modeling ferroelectric materials will be 
presented in Chapter 6. 
 
2.2.3 Ferroelectric Phase Transformations 
 Phase transformations have been shown to occur in relaxor single crystals from 
the application of external stress, electric field and temperature fields [42, 45, 68].  PMN-
xPT [95, 96] and PLZT, (Pb,La)(Zr,Ti)O3 [97] relaxor ferroelectric materials display a 
gradual temperature induced phase transition with a resulting broad Curie peak rather 
than a distinct Curie point [98].  Continuous phase transformation behavior driven by 
mechanical and electrical fields has also been observed in certain compositions of relaxor 
ferroelectrics [45, 68].  Recent characterization of relaxor PZN-xPT single crystals has 
resulted in the observation of another distinct type of field induced phase transformation 
behavior.  Electrically loaded 011  cut PZN-0.045PT shows a distinct phase 
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transformation field for the forward and reverse transformations resulting in a 
discontinuous transition [66, 67].   
A commonly proposed mechanism for the observed phase transformation 
behavior is that the material undergoes a continual rotation through a monoclinic phase 
providing a gradual transition from the rhombohedral to the orthorhombic phase [29, 53, 
99-102].  Phenomenological models, such as the Devonshire Theory, have been used to 
model phase transitions.  Devonshire [103] originally explained the phase transitions of 
barium titanate, BaTiO3,  using a sixth order Ginzburg-Landau-type expansion of the free 
energy expression in terms of polarization.  Since then, others have used the Ginzburg-
Landau equations to model ferroelectric domain formation and motion [93, 102, 104, 
105].   
The initial explanation of the temperature induced diffuse phase transformation 
about the Curie point in relaxor ferroelectrics was based on the compositional 
fluctuations [98].  As the temperature of a relaxor ferroelectric material is increased to the 
Curie point nano-polar regions progressively begin to transition to the paraelectric phase, 
resulting in the characteristic dielectric peak.  Figure 2-10 shows experimental 
measurements of the dielectric permittivity of polycrystalline PMN-xPT as a function of 





Figure 2-10. The dependence of dielectric permittivity of three compositions of 
polycrystalline PMN-xPT prepared by conventional pressure-less sintering on 




To date, there have been no models which use this description to simulate the 
electric field and stress induced phase transformation shown in experimental 
characterizations of relaxor single crystals.  Such a model would be important.  Chapter 5 
presents a micromechanical model of field induced phase transformations in relaxor 
ferroelectric single crystal specimens based on this mechanism. 
 
2.2.4 Simulation of the Effect of Inhomogeneities in a Ferroelectric Continuum 
 The energy-momentum tensor (Maxwell-tensor), first described by Eshelby [107, 
108], is the partial derivative of the elastic energy density with respect to the deformation 
gradient, where the elastic energy density is dependent on the undeformed configuration.    
In this classical work, Eshelby [107] studied the forces on mobile singularities in an 
elastic crystal lattice continuum to describe their evolution for static and dynamic cases.  
This idea was applied to the study of the driving forces on inhomogeneities.  The term 
 
 37
used to describe the forces on inhomogeneities is configurational forces.  Lattice defects 
of any dimension can be analyzed and include point charges (zero-dimensional), 
interstitial atoms (zero-dimensional), line defects (one-dimensional), interfaces or 
boundaries (two-dimensional) and inclusions or voids (three-dimensional) [109]. 
 The development of the J-integral in fracture mechanics is an important use of 
configurational forces [110] which was later extended to fracture of piezoelectric 
materials [111, 112].  Recently, researchers have begun using configurational forces to 
study the effects of defects on the motion of domain walls [113-117], which can be 
considered an inhomogeneity.  Mueller et al. [113] studied the interaction of point defects 
on the motion of a single 180o domain wall.    In this work they developed a formulation 
for the driving forces on a domain wall.  Closely following this research, Schrade et al. 
[115] considered the kinetics of domain walls moving past various defects.  Analytical 
results were compared to experimental measurements of domain wall velocity by Flippen 
[61].  Schrade et al. [116, 117] presented a continuum model for ferroelectric materials.  





















MEASUREMENT OF POLYCRYSTALLINE AND SINGLE CRYSTAL 






PMN-0.32PT single crystals have been characterized under combined stress and 
electric field loading [45, 68].  This approach is extended to PMN-0.26PT single crystals 
to determine compositional effects and to PMN-0.32PT polycrystalline specimens to 
compare with polycrystalline behavior.  Electric displacement and strain were measured 
as a function of combinations of both unipolar and bipolar stress and electric field.  The 
results of this study have been accepted for publication in Acta Materialia [60]. 
 
3.1 Introduction 
 Over the past fifteen years considerable effort has been devoted to the 
measurement of the response of ferroelectric polycrystals to combined stress and electric 
field loading [71, 73-75, 80].  Measurement of the constitutive behavior has been 
followed by the development of micromechanical constitutive laws that predict the 
macroscale material behavior based on a volume average of the behavior at the 
microscale [92, 118, 119].  At the microscale, the material behavior has been modeled by 
a simplified hysteresis response in the single crystal grains of the polycrystalline 
ferroelectric.  The development of crystal growth techniques has led to the availability of 
larger single crystal relaxor ferroelectrics for characterization.  This experimental work 
resulted in measured single crystal hysteresis behavior that is far more complex than the 
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behavior implemented in earlier micromechanics models and not only includes effects of 
domain wall motion (switching), but multiple field induced phase transformations.   
Previous work characterizing the response of PMN-0.32PT single crystals to 
combined stress and electric field loading has led to the question of whether this 
measured single crystal behavior can be used to predict the behavior of polycrystalline 
ceramics of the same composition through micromechanical modeling.  Such models 
would take into account effects of orientation, intergranular interactions, ferroelectric and 
ferroelastic polarization reorientation and field induced phase transformations; and use 
volume averaging techniques to predict the material behavior at the macroscale.  These 
models would be extremely useful in providing a fundamental understanding of the 
behavior of polycrystalline ceramics, including textured ceramics and thin films under 
large in-plane biaxial stress.  To date, there has not been sufficient experimental data on 
single crystal and polycrystalline specimens of the same composition to construct 
micromechanical models without the introduction of a number of simplifying 
assumptions for the single crystal behavior.  The work presented in this chapter has 
provided data on the constitutive behavior that is used in Chapter 6 for the development 
of an improved micromechanical model.  The following sections begin with a review of 
the measured behavior of single crystal and polycrystalline ferroelectric materials.  This 
is followed by the presentation of the results of characterizing the response of single 
crystal PMN-0.26PT and polycrystalline PMN-0.32PT.   
 The response of relaxor single crystals to combined stress and electric field 
loading has been experimentally determined by various authors.  McLaughlin et al. 
characterized the response of 001  and 011  oriented PMN-0.32PT single crystals at 
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various temperatures [45, 68].  In this work the electric displacement and strain were 
measured as a function of stress, electric field and temperature.  The results were 
presented as three-dimensional surface plots which identify the effects of field induced 
phase transformations.  Phase transformation maps were created which show the 
dependence of the transformation on applied fields.  Park and Shrout [29]measured the 
d33 piezoelectric coefficient as a function of composition for the 001  and 111  oriented 
PZN-0.045PT single crystals.  In addition, the electric displacement and strain were 
measured in response to bipolar and unipolar electric field loading, respectively, for 
crystal cuts between the 001  and 111  orientations.  Liu and Lynch [66, 67] have 
measured the unipolar and bipolar response of PZN-0.045PT for a series of crystal cuts.  
Cyclic electric field was applied at multiple angles between the 001  and 111  
orientation directions.  The results showed that the effects of domain wall motion on the 
hysteresis behavior are strongly orientation dependent. Liu and Lynch characterized the 
electromechanical response of PZN-0.045PT single crystals for the 001 , 011  and 
111  orientations [64].  This work utilized a combination of measured piezoelectric 
coefficients together with orthogonal transformations to determine a full set of 
piezoelectric coefficients in the single domain 111  orientation.  This study also 
presented measured double loop behavior, evidence of an electric field induced phase 
change.  The hysteretic phase change was shown to be accompanied by a jump in strain 
and electric displacement in contrast to the more gradual electric field induced phase 
transformation seen in PMN-xPT specimens [46].   
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 Studies have shown that PMN-xPT and PZN-xPT specimens near the 
morphotropic phase boundary (MPB) have an intricate multiphase state consisting of 
tetragonal, rhombohedral, orthorhombic and monoclinic phases [39, 47, 49]. The phase 
state of a relaxor single crystal is dependent on applied fields such as stress, electric field 
and temperature in addition to the composition and the history of the sample.  Many 
researchers have shown experimental evidence of rhombohedral to orthorhombic (R → O) 
[25, 27, 50, 102, 103] and rhombohedral to tetragonal (R→ T) [12, 47, 104, 105] phase 
transformations in relaxor single crystals from the application of external fields.  It was 
shown from these studies that the relative orientation between the applied loads and the 
principle crystallographic axes affected both the initiation point and the type of phase 
transformation.  Experimental studies have shown that PMN-xPT and PZN-xPT single 
crystals of varying compositions with an electric field in the 110  orientation or a stress 
in the 001  direction display an R → O phase transformation [45, 68, 120].   Alternately, 
applying and electric field in the 001  orientation has been shown to initiate an R → T 
phase transition in PMN-xPT and PZN-xPT single crystals [121-123].  Some of these 
experimental studies have shown that increasing temperature also affects phase 
transformation behavior by decreasing the applied fields required to cause a phase 
transition. 
Many researchers have worked on the characterization of major hysteresis loops 
in ferroelectric polycrystals under combined stress and electric field loading [53, 56, 57, 
106].  Cao and Evans [71] investigated the electromechanical coupling and irreversibility 
in ferroelectric polycrystals.  In their study, hard and soft PZT specimens, a relaxor 
ferroelectric material (PMN-0.1PT), and an antiferroelectric (PLSn0.27ZT) were poled and 
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subjected to a uniaxial compressive stress.  Several significant observations were made.  
First, when a compressive stress is applied normal to the polarization direction, 180o 
switching decreases.  Second, nonlinear deformation is related to the deviatoric 
components of stress and strain.  Third, when uniaxial stress is applied to a specimen 
parallel to the polarization there is a subsequent change in the Poisson ratio that is 
associated with a transition from ferroelastic switching to purely elastic strain.  They also 
proposed a material specific constitutive law.  Lynch [74] characterized the large field 
electromechanical behavior of lanthanum doped 8/65/35 PLZT.  In this study, initially 
unpoled PLZT specimens were subjected to a uniaxial stress and electric field.  This work 
provided measurements of the strain/electric field, polarization/electric field, 
stress/polarization, and stress/strain hysteresis loops. It also provided several observations 
along with a discussion of the possibility of modeling the intergranular stress effects 
using a variation of an Eshelby inclusion model for intergranular constraints [124].  More 
recent experimental efforts have focused on characterizing ferroelectric materials under 
other loading.  Huber and Fleck [125] and Zhou et al. [75] have looked at the multi-axial 
electrical switching of ferroelectric polycrystals, and Chen and Lynch [72] characterized 
polycrystalline 8/65/35 PLZT tubes under multiaxial mechanical loading.  
 This study presents a comparison of the measured large field constitutive behavior 
of polycrystalline PMN-0.32PT and single crystal PMN-0.26PT.    It also presents a 
comparison of measured single crystal behavior with previously published results for 
single crystal PMN-0.32PT.  This gives a direct indication of the effect of composition 
(proximity to the MPB) on the single crystal behavior.  The results are discussed in terms 
of the effects of domain wall and phase boundary motion.  
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3.2 Experimental methodology 
 This section describes the specimen preparation, the experimental arrangement 
and the results of the single crystal and polycrystalline characterization.  
 
3.2.1 Single Crystal Specimen Manufacturing and Preparation  
 PMN-0.26PT and PMN-0.32PT are each in the rhombohedral phase at room 
temperature, with the PMN-0.32PT being very close to the morphotropic phase boundary.  
The spontaneous polarization of the rhombohedral phase lies in one of the eight possible 
111  directions.  When an electric field in excess of the coercive field is applied along 
the 001  direction as shown in Figure 3-1, the spontaneous polarization will re-orient 
such that four of the eight possible 111  crystal variants are present.  
 
             




The single crystal specimens were provided by TRS Technology, Inc.  Specimens 





E3, 001  
 
 44
was oriented with the 001  (cubic referenced) crystallographic axis parallel with the 
mechanical and electrical loading direction. No further polishing or cutting was 
performed on the specimens; testing was done in the as received condition. Prior to 
testing, each crystal was cleaned in an ultrasonic cleaner with acetone followed by 
ethanol alcohol.  Two opposing faces were sputtered with a thin layer of gold to serve as 
electrodes.  Three cubes were stacked and bonded together and the center cube was 
instrumented with strain gages.  This novel testing method was developed to increase the 
aspect ratio and to produce a uniform uniaxial stress in the center specimen (where strain 
was measured) by decreasing clamping effects at the edges during loading.  Buehler 
Crystalbond mounting wax was used to bond the electroded sides of each specimen 
together with alignment of each crystal relative to one another.  A copper foil mesh with 
a thickness of 0.025mm was placed between each crystal in the bonded region to ensure 
electrical contact and to serve as an electrical connection point.  A schematic of this 




Figure 3-2. Three single crystal specimens were bonded and subjected to electrical and 












3.2.2 Polycrystalline Specimen Manufacturing and Preparation 
 PMN-0.32PT polycrystalline specimens were manufactured at the Darmstadt 
University of Technology in Darmstadt, Germany.   The chemicals used to produce these 
specimens were PbO (>99.0%, Alfa Aesar, Germany), MgCO3Mg(OH)2·6H2O (99.5%, 
Alfa Aesar, Germany), Nb2O5 (99.9%, ChemPur, Germany) and TiO2 (99.9%, Alfa 
Aesar, Germany). The columbite precursor method was employed to prepare 
0.68Pb(Mg1/2Nb2/3)O3-0.32PbTiO3 powder. The columbite, MgNb2O6 (MN), was 
synthesized by attrition-milling MgCO3Mg(OH)2·6H2O and Nb2O5 for 12 hours, followed 
by calcination at 1200 oC for 4 hours. The dried MN powder, PbO and TiO2 were 
weighed according to the stoichiometric formula and ball-milled in ethanol for 24 hours 
with a planetary mill and yttrium-stabilized zirconia balls of 5mm in diameter. The mixed 
powder was then calcined in an alumina crucible at 850 oC for 2 hours. After calcination, 
the powder was further ground for 24 hours using the above-mentioned ball mill. 
Rectangular bars were uniaxially pressed in a stainless steel die, followed by a cold 
isostatic pressing at 300 MPa. Sintering was conducted in air at 1200oC for 3 hours at a 
heating rate of 300oC/hr with the specimens buried by the powder of the same 
composition to minimize the lead volatilization, and covered by double alumina crucibles 
as well. After that, the sintered samples were ground and polished on all sides until the 
defined dimensions of 8mm x 8mm x 12mm were reached. 
 Prior to testing, each specimen was cleaned in an ultrasonic cleaner with acetone  
followed by ethanol.  Gold electrodes were sputtered onto opposing 8mm x 8mm faces.  




3.2.3 Experimental Arrangement 
 Mechanical and electrical loads were applied simultaneously using the fixture 
shown in Figure 3-3. Uniaxial compressive load was applied by a screw-type load frame.   
The bottom of the specimen rested on a steel plate which was attached in series with a 
capacitor to ground potential.  During testing each sample was submerged in a bath of 
Fluorinert™ FC-70 electrical liquid.   Electrical isolation from the load frame was 
accomplished by placing alumina blocks above and below each specimen.  This 









3.2.4 Data Measurement Methodology 
 The analog output signal of each instrument was recorded using an analog to 
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Strain: Strain gages were attached to all specimens.  Strain for polycrystalline specimens 
was measured both longitudinal (X3) and transverse (X1, X2) to the direction of the 
polarization.  Two longitudinal/transverse 90 degree strain gage rosettes were attached to 
opposing faces of the specimen, while on the other two faces strain gages measuring only 
the longitudinal strain were attached.  Figure 3-4a illustrates the strain gage orientation 
used on each polycrystalline specimen.  Due to their smaller size, single crystal 
specimens were only instrumented with two longitudinal strain gages on opposing faces.  
Figure 3-4b shows the strain gage placement on the single crystal specimens.  The Micro-
Measurements 2110A strain gage signal conditioner output was recorded.   The strain 
measurements were averaged to obtain an average material response.    
 
 
Figure 3-4. Specimen showing the strain gage configuration for (a) the polycrystalline 




Electric field:  A triangular wave at 0.02 Hz was applied to the top electrode with the 
bottom electrode connected to ground.  This frequency can be considered quasi-static.  A 
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signal that was amplified 2000 times by a TREK Model 20/20A amplifier.   The monitor 
voltage from the amplifier was recorded. 
 
Load: Load was applied using a DDL screw-type load frame with a 4.45 kN load cell.  
Rubber blocks were placed under the testing fixture in the load path to create sufficient 
compliance for a constant load condition.  The rubber did not affect the specimen 
response, or the measured load. 
 
Electric displacement:  The electric displacement of the specimen was measured by 
monitoring the voltage across a 9.96μF capacitor in a Sawyer-Tower arrangement.   The 
capacitor was connected from the bottom electrode of the specimen to ground.    The 
voltage was measured using a high input impedance Keithley 6512 electrometer.  The 
analog output signal of the electrometer was recorded.   
 
3.3 Experimental Results 
 
3.3.1 Bipolar PMN-0.26PT Single Crystal  
 Figure 3-5 shows the two-dimensional plots of the longitudinal strain (Figure 3-
5a) and electric displacement (Figure 3-5b) response under room temperature (20oC) 
bipolar electric field loading at various stress levels (-0.4, -16, -32, -48, -64 MPa).  Figure 
3-5a displays the longitudinal strain in response to electric field.  The dotted line 
















































Figure 3-5. (a) Longitudinal strain (ε33) and (b) electric displacement (D3) measured 
during combined mechanical and electrical loading of single crystal 001  PMN-0.26PT.  
A dotted line is shown (a) which connects the coercive field value for each stress bias 





3.3.2 Unipolar PMN-0.26PT Single Crystal Experimental Results  
 Figure 3-6 shows the two-dimensional plots of unipolar electrical and mechanical 
loading.  Figure 3-6a shows the electric displacement plotted against the applied unipolar 
electric field.  Figure 3-6b shows the longitudinal strain response to applied electric field 
at constant compressive stress levels.  Figure 3-6c displays the electric displacement 
change during compressive stress loading at constant electric field bias levels.  Figure 3-
6d illustrates the longitudinal strain during application of unipolar stress at constant 
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Figure 3-6. Two-dimensional plots of mechanical and electrical unipolar loading at 20oC 
of single crystal 001  PMN-0.26PT.  (a) Electric displacement versus applied electric 
field at constant stress levels, D3-E3; (b) longitudinal strain versus electric field at 
constant stress levels, ε33-E3; (c) electric displacement versus stress at constant electric 
field bias levels, D3-σ33; and (d) longitudinal strain versus stress at constant electric field 
bias levels, ε33-σ33.  Electric field loading was done with a frequency of 0.02Hz and stress 
cycling was carried out with a frequency of 0.01Hz, both considered quasi-static.  Two 




The non-linearity can be visualized well using a three-dimensional plot.  Figure 3-7 
shows the three-dimensional plots produced from the unipolar loading data.  Figure 3-8 




































































σ33 ( Pa) 
σ33 a) 
  
Figure 3-7. Three-dimensional phase transformation map of (a) strain as a function of 
stress and electric field, ε33-E3-σ33; and (b) electric displacement as a function of stress 
and electric field, D3-E3-σ33, for [001] poled PMN-0.26PT single crystal. Dotted lines 
represent the initiation of the phase transition which was determined by where the slope 























































Figure 3-8. Comparison of the longitudinal strain (a) and electric displacement (b) 
measured during bipolar and unipolar application of external loads for [001] poled PMN-
0.26PT single crystal.  The dotted lines approximately represent the phase transformation 















3.3.3 Stress-Induced Polarization Reversal 
 Figure 3-9 shows the measured electric displacement during mechanical loading 
with a small bias field of 0.008 kV/mm applied to the specimen.  The solid line represents 
the electric displacement when the electric field and polarization direction are initially in 
the same direction.  The dotted line shows the electric displacement curve when the 





















Figure 3-9. The stress induced depolarization in the presence of a small bias electric field 
of 0.008 kV/mm shows the effect of the quasi-static stress reducing the coercive field to 




3.3.4 Polycrystalline PMN-0.32PT  
 In the polycrystalline specimen setup, the strain response varied between the four 















issue.   Specimens were removed, rotated and replaced and the loading repeated multiple 
times.  Each time the same side always gave the same behavior.  These specimens, when 
subjected to compressive stress depolarization, did not ferroelastically depole uniformly. 
The ferroelastic behavior consistently started at one side and moved across the specimen.  
The results presented are the average of the four strain gages. 
 The following figures are the experimental results of mechanical and electrical 
loading of polycrystalline specimens of PMN-0.32PT composition.  Multiple specimens 
were tested and the results shown here are representative of all the specimens tested.  For 






































































































































































Figure 3-10. Longitudinal strain and electric displacement versus electric field at various 





 The non-linearity observed in Figures 3-5, 3-6 and 3-7 for the PMN-0.26PT single 
crystal, is indicative of a phase transformation driven by the applied compressive stress in 
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the 001  direction and domain wall motion caused by electric field loading.  Before load 
was applied to the single crystal it was in the rhombohedral phase near the morphotropic 
phase boundary.  There are four possible variants when a single crystal material in the 
rhombohedral phase is poled in the 001  orientation.  In the unstressed four variant state 
the polarized crystal displayed a linear response to the applied electric field.  As 
mechanical stress was increased a phase transitioned from rhombohedral with 111  
spontaneous polarization to what is most likely orthorhombic with spontaneous 
polarization in the 110  orientation took place.  Due to the limited hysteresis and the 
continuous nonlinear change in elastic, dielectric and piezoelectric crystal properties 
observed during the phase transformation, it appears that there was either a continuous 
rotation of the polarization through an intermediate monoclinic phase or a continuous 
evolution of the volume fraction of the orthorhombic phase as applied stress was 
increased.  Upon unloading of the mechanical stress the crystal structure transforms back 




Figure 3-11. Phase transformations between the rhombohedral and orthorhombic phases 










 Mechanical load in the 001  crystallographic orientation is depolarizing the 
single crystal.  A single crystal with 001  orientation in the orthorhombic phase which 
has four possible variants perpendicular to the applied mechanical load is fully 
depolarized and has an effective d333 piezoelectric coefficient of zero.  This behavior is 
seen the Figures 3-5a and 3-6b.  At the largest stress levels there is no strain response to 
small electric fields.  As the electric field increased the spontaneous polarization began to 
rotate through the monoclinic phases towards the rhombohedral phase resulting in the 
observed quadratic electrostrictive behavior seen in the bottom curve of Figure 3-5b. 
 The coercive field is the magnitude of the reverse electric field required to 
reorient the remnant polarization of a ferroelectric material and has been identified in 
Figure 3-5a and Figure 3-10a as the location where the butterfly loops are at the lowest 
value.  When the electric field that opposes the polarization has been increased to the 
point where local resistance to polarization switching is overcome, the longitudinal strain 
begins to increase.  Application of a mechanical load decreases the coercive field by 
reducing the energy barrier to polarization reversal.  The reduction of coercive field 
values due to mechanical loading is shown by the dotted line in Figure 3-5a and 3-10a.  
Both the polycrystalline and single crystal specimens show a decreasing coercive field, 
although the effect in the single crystal is more pronounced.  The polycrystalline 
specimens initially had a larger coercive field than that of the single crystal specimens.  
This may be due to a number of factors including grain size effects, orientation effects, 
intergranular interactions and the effects of inhomogeneities such as porosity and 
inclusions.  The crystallite size in a polycrystalline ferroelectric material can greatly 
influence the dielectric properties by “locking in” their polarization direction, thus 
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increasing the coercive field value over an unconstrained single crystal [6].  Figure 3-12 
shows the measured coercive field values for the single crystal and polycrystalline 
specimens during bipolar electric field loading at constant stress bias levels.  
 
 


























Figure 3-12. Measured coercive field values for 001  single crystal PMN-0.26PT and 
un-textured polycrystalline PMN-0.32PT during bipolar electric field loading at different 




Comparison of Figures 3-5 and 3-10 show that during bipolar loading there was 
more hysteresis in the polycrystalline material than the single crystal.  Experience with 
PZN-0.045PT single crystals [48, 49] has shown that when the electric field direction is 
rotated from 001  toward 011  the strain-electric field hysteresis loops change shape.  
If the behavior in the PMN-0.26PT is analogous, the orientation effect may play a 
significant role in causing the differences between the single crystal and polycrystalline 
specimens.  There may also be differences due to intergranular interactions and 
inhomogeneities in the polycrystal that are not present in single crystals.  A single crystal 
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does not have grains, or grain boundaries, that can act as a barrier to switching.  This may 
allow the single crystal to more readily reorient to the electric field direction.   
 At very low stress it can be seen in Figures 3-5a and 3-5b that the single crystal 
specimen had a linear strain and electric displacement response to the applied electric 
field.  It can be seen in Figure 3-9a and 3-9b that during preload the initial response to an 
applied electric field was nonlinear.   
 Evidence of a phase transformation can be seen in the three-dimensional plots, 
Figure 3-7.  The 001  oriented single crystal can be driven to a different phase through 
the application of a compressive stress along the 001  direction, and can be 
subsequently pulled back from that phase to the rhombohedral phase through an electric 
field in the 001   direction.  This illustrates that the applied stress and electric field act 
as competing driving forces.  This behavior is seen in Figure 3-7 by the dotted line which 
approximately represents the dividing line between the rhombohedral phase and the 
phase transition region.  This same general behavior was seen in earlier experimental 
characterization of PMN-0.32PT single crystals [68].  In that study 001  oriented single 
crystal specimens were subjected to combined unipolar electromechanical loading at 
various temperatures with the resulting strain and electric displacement measured.  PMN-
0.32PT is closer to the MPB than PMN-0.26PT [47].  The PMN-0.32PT and PMN-
0.26PT show similar material behavior, however, there are important differences that 
show the compositional dependence of constitutive behavior.  The piezoelectric 
coefficient of PMN-0.32PT was reported as 2100 pC/N which is approximately 42% 
larger than that measured in the PMN-0.26PT material.  In addition, it is also apparent 
that lowering the amount of PT increases the stress at which a phase transformation 
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initiates while simultaneously increasing the material stiffness.  PMN-0.26PT shows the 
beginning of a phase transition region when no electric field was applied at 
approximately -34 MPa, while PMN-0.32PT began at approximately -20 MPa.  The trend 
is that as the composition is moved away from the MPB, on the rhombohedral side, the 
stiffness increases, the piezoelectric coefficient decreases, the dielectric constant 
decreases and the energy barrier to the phase transformation increases.  It is also 
interesting to note that in Figure 3-7 the effects of stress on crystal depolarization can be 
seen.  During unipolar electric field loading it can be seen that the specimen repoles some 
of the stress depoled regions.  This has the effect of increasing the remnant strain and 
electric displacement value at that stress preload.  
 Figure 3-8 shows the comparison of the measured data during bipolar and 
unipolar loadings.  It can be seen in this three-dimensional plot that the data corresponds 
well.  Similarly to Figure 3-7 it can be seen that the remnant strain and electric 
displacement values at the various stress bias levels are higher than that measured in the 
unipolar stress loading at no electric field.  This is likewise due to stress induced 
depolarization.  The dotted line represents the approximate line separating the 
rhombohedral phase from the phase transformation region. 
 Figure 3-9 shows the stress induced depolarization of the single crystal material in 
the presence of an electric field well below the coercive field.  During a unipolar stress 
cycle in the absence of an applied electric field it was shown that single crystal PMN-
0.26PT was driven to the depolarized orthorhombic phase.  Without a suitable externally 
applied driving force, such as a small bias electric field, the spontaneous polarization 
direction can reorient either in the 111  or 111 .  This results in the strain returning to 
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the original preload value, while the electric displacement moves closer to zero.  
However, when the mechanical loading/unloading cycle is done in the presence of a 
small electric field, each unit cell has an externally applied driving force large enough to 
provide a preferred polarization direction.   
 From Figure 3-10 it is apparent that the polycrystalline specimen has undergone 
significant changes due to loading.  It can be seen that the amount of hysteresis present 
during bipolar electric field loading decreased as the uniaxial stress was increased.  This 
may be due to the local barriers to switching being overcome by the applied mechanical 
energy.  The polycrystalline specimens initially had a nonlinear response to electric field.  
When the electric field reached a critical level the response became approximately linear.  
This is in contrast to the behavior of the single crystal. 
 To contrast the differences in the linear material properties of single crystal and 
polycrystalline specimens the measured elastic, piezoelectric and dielectric coefficients 
are presented in Table 3-1.  The linear material coefficients were obtained by measuring 
the initial slope of the corresponding small field strain and electric displacement data 
associated with an increasing field.  The single crystal piezoelectric and dielectric 















Table 3-1. Elastic, piezoelectric, and dielectric material properties for single crystal  
PMN-0.26PT and polycrystalline PMN-0.32PT.  All experimental data was collected  
at 0.02Hz. 
 001  Single Crystal PMN-0.26PT 
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The single crystal behavior depends on various factors and nonlinear processes 
such as crystal orientation angle, crystal cut, temperature, phase transformation behavior 
and domain wall motion.  The polycrystalline behavior is the result of a complex 
arrangement of these effects in addition to effects of intergranular interactions and 
dispersed inhomogeneities.  This creates a complex network of nonlinear local effects 
which can influence overall material constitutive behavior. 
 
3.5 Concluding Remarks 
 The strain and polarization of 001  single crystal PMN-0.26PT and 
polycrystalline PMN-0.32PT specimens have been characterized in response to combined 
large electric field and stress.  Testing was done at room temperature.  Single crystal 
specimens showed clear evidence of a stress induced phase transformation from the 
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rhombohedral phase to the depolarized orthorhombic phase.  It was also shown that an 
electric field applied in an opposing direction to the stress was able to overcome the 
applied stress and return the specimen to the rhombohedral phase.  Three-dimensional 
plots were created from the measured single crystal unipolar longitudinal strain and 
electric displacement response to applied loads.  Polycrystalline specimens were 
characterized under bipolar electric fields at various stress levels.   
 These results are important for future modeling efforts. They illustrate the 


































COMPOSITIONAL DEPENDENCE OF PHASE TRANSFORMATION AND 






The constitutive behavior of two compositions of relaxor 001  oriented single 
crystal PMN-xPT (x = 0.27 and 0.29) was characterized at various temperatures in 
response to stress and electric field loading.  The experimental results are presented as 
three-dimensional surface plots that show the effect of applied fields and are compared to 
those of other studies on different compositions of 001  PMN-xPT single crystals near 
the morphotropic phase boundary.  The effects of composition on the phase 
transformation behavior and linear material properties are compared and discussed.  This 
work is presently being prepared for submission to Acta Materialia and was the product 
of collaboration with Harold C. Robinson at NUWC Division Newport.  Robinson 
supervised a technician and performed initial data reduction for the experimental 
measurements of the PMN-0.27PT and PMN-0.29PT single crystals.  Webber handled 
the plotting, analysis and discussion of results. 
 
4.1 Introduction 
Single crystals of relaxor ferroelectric PMN-xPT in the rhombohedral phase 
display extraordinary piezoelectric properties.  Ongoing work has focused on developing 
an understanding of the compositional dependence of these properties.  The nonlinear 
piezoelectric and dielectric material properties are hysteretic, anisotropic and dependent 
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on the phase state as well as the crystallographic orientation relative to the loading 
direction.  The reported phases that can occur in these crystals are: cubic (C), tetragonal 
(T), rhombohedral (R), orthorhombic (O) or an intermediary monoclinic (MA, MB, MC) 
phase.  Each phase possesses a different crystal symmetry and spontaneous polarization 
direction.  The phase is determined by the material composition and applied fields such 
as temperature, electric field and stress.  At temperatures above the Curie point the crystal 
is in the cubic phase.  At room temperatures the phase is either rhombohedral for a 
composition of x < 0.3 or tetragonal x > 0.35 to 0.37 [47, 48].  These phase regions are 
separated by a morphotropic phase boundary.  X-ray and neutron structural studies have 
shown a complex phase structure in the vicinity of the MPB.  A number of researchers 
have shown experimental evidence of monoclinic phases (MA, MB and MC) for various 
compositions of PMN-xPT and PZN-xPT specimens near the MPB [47, 50-53, 123, 126].  
It has been proposed that the monoclinic phase is due to residual stresses caused by the 
coexistence of incompatible phases forcing one another to take on a monoclinic phase 
[127].  
 The application of stress, electric field and temperature can produce phase 
transformations that significantly change the material behavior.  There have been 
numerous investigations into the effects of electric field [29, 45, 60, 68, 122, 128], 
uniaxial stress [45, 60, 68, 129, 130] and temperature [106, 131, 132] on polarization 
reorientation and phase transformations in PMN-xPT and PZN-xPT single crystals.  
Recent research has presented results of the experimental characterization of PMN-xPT 
single crystal constitutive behavior comparing material response at different orientation 
angles [29, 45, 66-68, 133, 134].  Park et al. measured the electromechanical behavior of 
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PMN-xPT and PZN-xPT relaxor ferroelectrics as a function of composition and 
orientation angle [29].  This seminal work helped to identify preferred crystal 
compositions and crystal cuts to maximize behavior, or reduce hysteresis.  Webber et al. 
measured the bipolar electromechanical response of 001  PMN-0.32PT single crystal 
specimens [60].  Wan et al. measured the polarization and strain response of 001 , 011  
and 111  oriented PMN-0.32PT single crystals to bipolar electric field at constant stress 
preloads [134].  Feng et al. measured the unipolar electric field induced strain response of 
001 , 011  and 111  oriented PMN-xPT single crystals of varying compositions 
[133].  This study provided experimental evidence of an optimal compositional range for 
high strain response and low hysteresis in 001  oriented PMN-xPT single crystals, 
however, the effects of compressive stress and electric field on the initiation of phase 
transitions and linear material properties were not considered.  A recent study has shown 
that there exist a linear relationship between the relative dielectric constant and the d33 
piezoelectric coefficient for five different compositions (x = 0.045, 0.06, 0.07, 0.08 and 
0.09) of single crystal PZN-xPT [135].  In this work it was theorized that polarization 
rotation occurs more easily in materials with higher piezoelectric and dielectric material 
properties.  It is reasonable to speculate that a similar statement can be said for phase 
transformation behavior. 
 The present study addresses the macroscopic behavior of 001  oriented PMN-
0.27PT and PMN-0.29PT single crystal specimens measured in response to 
simultaneously applied mechanical and electrical loads at various temperatures.  A 
comparison to previous experimental measurements for 001  PMN-xPT single crystal 
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specimens with different compositions is presented and the compositional dependence of 
phase transformations and material properties are discussed. 
 
4.2 Experimental methodology 
 
4.2.1 Specimen preparation 
Single crystal specimens were manufactured and prepared by TRS Technologies, 
Inc.  Each specimen was cut from a single crystal boule of PMN-xPT material in such a 
way that the 001  crystallographic directions were oriented perpendicular to each face.  
The final dimensions of the specimens were 4 x 4 x 12mm, providing a 3:1 aspect ratio.  
Cr/Au electrodes were sputtered onto the 4 x 4mm faces and each specimen was poled 
along the 12mm axis.  Prior to testing, each specimen was cleansed in an ultrasonic 
cleaner with ethanol for 15 minutes. 
 
4.2.2 Experimental arrangement 
 Experimental measurements were performed at NUWC Division Newport using 
the stress dependent electromechanical characterization system (SDECS).  This system is 
capable of simultaneously applying controlled thermal, electrical and mechanical loads 
while measuring the material response of strain and electric displacement [45].  Electric 
field cycling was done at 10Hz and stress cycling was done at 0.07Hz.  For clarity error 




Specimens were aligned in the 001  orientation and antagonistically loaded in 
the 33-mode.  Antagonistically loaded is a term used to describe the case where the 
electric field is driving an elongation in the 001  direction and the uniaxial stress is 
driving a contraction in the same direction.  Figure 4-1 illustrates a representative unit 
cell which qualitatively shows the possible spontaneous polarization directions, or 
variants, during stress and electric field loading.  In the unloaded 001  poled state the 
rhombohedral phase has four possible variants.  The application of external fields of 
sufficient magnitude can cause a phase transition.  A compressive stress in the 001  
crystallographic direction causes an R → O phase change through the monoclinic phase, 
MB [44].  An electric field causes an R → T phase transformation through the MA 







Figure 4-1. Possible spontaneous polarization directions under various loading 
conditions.  (a) The unloaded PMN-xPT unit cell is in a rhombohedral phase state with 
spontaneous polarization directions in the 111  orientation. Increased stress can 
potentially transform the specimen from an initially rhombohedral phase through a 
monoclinic phase (b) to an orthorhombic phase (c) with spontaneous polarization 
oriented in the 011  crystallographic direction.  Electric field applied to the 
rhombohedral unit cell can cause a phase transformation through a monoclinic phase (d) 




Electric field was applied through the sputtered electrodes on the 4 x 4mm faces.  
Mechanical load was applied parallel to the electric field along the 001  direction.  
During testing a minimum compressive load of -2 MPa was used to maintain constant 





Monoclinic phase (MA) 
Monoclinic phase (MB) Orthorhombic phase 






two of the opposing non-electroded 4 x 12mm faces.  The clamping effects at the ends of 
the specimen were minimized by the location of the strain gages and the 3:1 aspect ratio.  
Strain measurements were obtained with a Wheatstone bridge and recorded. The electric 
displacement was measured using modified Sawyer–Tower circuitry. A low pass filter 
was utilized on the electric field, electric displacement, strain and mechanical load signals 
that were recorded by the SDECS’s dynamic signal analyzer.   
The loading consisted of: (1) a 10Hz cyclic unipolar electric field at constant 
stress preloads; and (2) 0.07Hz unipolar cyclic stress at constant electric field preloads.  
Loading was repeated in a range of temperatures.  Electric field was applied using a high 
voltage power amplifier.  The voltage was recorded with a high voltage probe.  
Mechanical load was applied through a pneumatic cylinder with load monitored with a 
load cell and recorded.  During testing the specimen was submerged in a bath of 
Fluorinert to electrically isolate the applied high voltage.  An environmental chamber was 
used to control the temperature. 
 
4.3 Results  
 
4.3.1 Initial Data Analysis 
During experimentation the remnant polarization and remnant strain values were 
reset to zero between each loading cycle by the SDECS system.  This is an unchangeable 
feature of this measurement system.  Experimental data was analyzed in a post-
processing program which restored the remnant values by applying the corresponding 
measured value in both electric field and stress cycling.  Previous experimental 
investigations have determined the remanent polarization values for PMN-0.26PT [60] 
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and PMN-0.32PT [68] single crystals to be 0.24 and 0.20, respectively.  It was assumed 
that the remanent polarization values varied linearly.  The remanent polarization for 
PMN-0.27PT and PMN-0.29PT at no load were found to be 0.23 C/m2 and 0.22 C/m2, 
respectively.  These values were used as the base values from which all other remnant 
polarization values were referenced.  The post-processing program reset remnant values 
for each unipolar electric field cycle at a constant stress preload by measuring the 
corresponding polarization and strain from the unipolar stress loading with no applied 
electric field bias.  The opposite process was used to reset the remnant polarization and 
strain of the unipolar stress experiments.  All experimental measurements are subject to a 
5% error; for clarity error bars are omitted in each figure. 
 
4.3.2 PMN-0.27PT Experimental Measurements 
 Figure 4-2 shows two-dimensional plots of the data collected at 40oC.  
Longitudinal strain (ε33) and electric displacement (D3) were measured in the x3 direction 
in response to stress and electric field; both applied along the x3 axis.  Figures 4-2a and 4-
2b show the measured electric displacement and strain during 10Hz unipolar electric field 
loading at constant stress preloads.  The stress preloads used for this study were 0, -13.8 
and -27.6 MPa (Labeled as F, G and H, respectively, in Figure 4-2a and 4-2b).  Figure 4-
2c and 2d show the electric displacement and strain for 0.07Hz unipolar compressive 
stress loading at constant electric field levels of 0, 0.5, 1, 1.5 and 1.67 kV/mm (Labeled 
as A, B, C, D and E, respectively, in Figure 4-2c and 4-2d).  Figure 4-2c also shows the 




















































Figure 4-2. Two-dimensional plots of the measured strain and electric displacement 
versus the applied electric field and stress for single crystal 001  PMN-0.27PT 
specimens tested at 40oC; (a) D3 – E3 at various stress preloads; (b) ε33 – E3 at various 
stress preloads; (c) D3 – σ33 at different electric field preloads; and (d) ε33 – σ 33 at 
different electric field preloads.  The stress preloads of 0, -13.8 and -27.6 MPa are labeled 
as F, G and H, respectively.  The constant electric field bias levels of 0, 0.5, 1, 1.5 and 




 The electromechanical responses from Figure 4-2 can be combined into a single 
three-dimensional surface plot that succinctly illustrates the phase transformation 
behavior under applied fields.  Figure 4-3 shows the longitudinal strain (ε33) and the 
polarization (D3) constitutive behavior surface plots under applied stress and electric field 
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Figure 4-3. Measured longitudinal strain (ε33) and electric displacement (D3) under 
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4.3.3 PMN-0.29PT Experimental Measurements 
 Measured electromechanical behavior was combined into three-dimensional 
surface plots for PMN-0.29PT.  Figure 4-4 shows the longitudinal strain (ε33) and the 
polarization (D3) constitutive behavior surface plots under applied stress and electric field 
at four different ambient temperatures (T = 5, 20, 40, 60oC).  The stress preloads used 
during 10Hz unipolar electric field cycling from 0 to 1.5kV/mm were 0, -13.8, and -27.6 
MPa.  The electric field preloads utilized during 0.07Hz unipolar compressive stress 
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Figure 4-4. Surface plots of the longitudinal strain (ε33) and electric displacement (D3) for 
001  PMN-0.29PT single crystal under combined quasi-static mechanical, electrical and 
thermal loading.  Note that the scale on the stress axis is different than that used for the 





 The following discussion of phase transformations is based on the crystal 
symmetry of the corresponding phase with respect to the applied loading direction.  
Figure 4-2 shows that increasing the 001  compressive stress increases the 001  
electric field required to cause a phase transformation in an antagonistic loading scheme.  
This was found to be the same for both compositions.  Prior to testing, the poled 
specimens were in a four domain state in the rhombohedral phase.  An applied electric 
field in the 001  crystallographic direction drives a transformation to the tetragonal 
phase, while a compressive stress in the 001  orientation causes a transition to the 
orthorhombic phase.  These two competing fields counteract the effects of one another.  
This is the reason that a nearly complete R → O phase transformation did not occur in 
PMN-0.27PT until the temperature was increased to 40oC.  PMN-0.29PT specimen 
showed a nearly complete R → O phase transformation at 60oC. Because the PMN-
0.27PT specimen was tested to a higher stress a phase transformation occurred at a lower 
ambient temperature than in the PMN-0.29PT specimen.  An increase of temperature 
reduces the energy barrier for phase transformation required to be overcome by applied 
electrical or mechanical loads.  Even at the highest temperature tested for each specimen 
it appears from the curve that there was an incomplete phase change to the orthorhombic 
phase during unipolar stress cycling at zero electric field.  With the addition of an electric 
field, the applied stress is no longer large enough to cause a phase change.  In these 
experiments there was insufficient electric field applied to provide the work necessary to 
overcome the energy barrier and drive an R → T phase transformation. 
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 The surface plots in Figures 4-3 and 4-4 demonstrate the effects of temperature on 
the initiation of a phase transformation.  As the temperature of the specimen is increased 
the material response begins to progressively become more nonlinear.  This indicates that 
increasing specimen temperature causes phase transformations to occur at lower levels of 
applied electric field and stress.  It can also be seen that the R phase state is stable and 
occurs at lower field levels while the O phase appears only at increased 001  
compressive stress levels. It has been shown experimentally that a R → O phase transition 
can also be driven by electric field applied in the 011  direction [45].   
Components of the compliance, piezoelectric and dielectric property tensors at 
low fields were measured from the experimental data and are listed in Table 4-1.  This 
table only contains compliance, piezoelectric and dielectric coefficients for the R phase; a 
























Table 4-1. Measured material properties of rhombohedral 001  oriented PMN-0.27PT  
and PMN-0.29PT single crystals.  Linear compliance coefficient was measured at 
0.07Hz. The linear piezoelectric and dielectric coefficients were measured at 10Hz. 
Material Property Temperature PMN-0.27PT PMN-0.29PT 
5oC 50.2 50.8 
20oC 53.1 52.1 
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4.4.1 Compositional Dependence 
The phase transformation behavior and material properties of relaxor PMN-xPT 
single crystal are dependent on composition and applied fields.  Effects of phase 
transformations can be seen in the three-dimensional surface plots as the regions of 
rapidly changing slope.  The R → O phase transformation is not a sudden jump-type 
switch in the PMN-xPT single crystals, but rather a gradual transition.  For this reason the 
applied electric field, stress and temperature at the initiation of the R → O phase 
transformation were measured for each composition and are compared in Figure 4-5.  
Initiation was determined by the approximate point at which the strain response began 
deviating from linear during loading.  The relationships between the R → O phase 
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transition temperature and applied loads for 001  oriented PMN-0.32PT single crystals 
was previously determined by McLaughlin et al. as T = 73.5 + 165E3 + 4.10σ33 [68].  
The R → O phase transformation temperature function for PMN-0.27PT and PMN-
0.29PT were experimentally determined in this study as T = 95 + 5.0σ33 and T=82.1 + 
4.6σ33, respectively.  There was insignificant data to reliably determine relationships 
which included applied electric field.   
 














Figure 4-5. Comparison of the quasi-static 001  compressive stress induced initiation of 
the R → O phase transformation for various compositions and temperatures.   For clarity 
error bars were omitted; the experimental data is subject to 5% error.  The lines 




Figure 4-5 shows the strong dependence of composition on phase transformations 
in relaxor ferroelectric PMN-xPT.  As the level of PT decreases, moving the composition 











Figure 4-5 also shows that the required stress to initiate a phase change is strongly 
affected by temperature.  Accompanying the change in phase transition behavior, the 
linear material properties also show composition dependence.  Figure 4-6a shows the 
experimentally measured compliance component term 3333
ES  plotted against the material 
composition measured from the unipolar compressive stress loading at zero electric field 
bias.  Figure 4-6b shows the piezoelectric coefficient 333d  versus material composition 
measured during unipolar electric field loading at -2 MPa stress preload.  Figure 4-6c 
shows the relative dielectric permittivity coefficient versus the material composition 
measured as the slope of the electric displacement versus electric field data at -2 MPa 
preloaded stress.  Tangent moduli were fit to the loading and unloading portions of the 
measured minor hysteresis loop and averaged to determine the linear compliance, 
piezoelectric and dielectric material properties.  Only the data in the initial 5% of the 
maximum load was used in this process.  The response in this region was linear and 















































































Figure 4-6. Measured linear compliance (a) as a function of composition and temperature 
during unipolar stress loading at zero electric field for single crystal PMN-xPT.  
Piezoelectric constants (b) and dielectric permittivity (c) were measured during unipolar 
electric field loading at -0.4MPa preload stress for the same single crystal specimen. The 
lines connecting points are to guide the eye and do not represent experimental data or a 






















  Figure 4-6 shows that as the composition of xPT decreases some of the 
electromechanical coupling coefficients are diminished.  The shown trend is an 
augmentation in material properties as the composition is increased.  This effect has 
diminishing returns.  Experimental investigations have suggested an optimum 
compositional region for maximized strain response and minimized hysteresis for 001  
oriented PMN-xPT single crystal as 0.29 0.31x≤ ≤  [133].  Figure 4-6 shows that an 
increase in temperature is followed by an increase in the measured material properties.  
Similar to the subsequent decrease in material properties due to a stress induced phase 
transformation, a temperature above the material specific Curie point will result in a loss 
of all electromechanical response as the material transformation to the cubic phase.  
Noheda et al. [47] have presented a phase diagram of PMN-xPT which shows that the 
Curie points for PMN-0.32PT, PMN-0.29PT, PMN-0.27PT and PMN-0.26PT are 
approximately 417K, 399K, 388K and 382K, respectively.   
 
 
4.4.2 Bias Field Effects 
 The linear material properties of 001  oriented single crystal PMN-xPT are load 
dependent.  An increased compressive stress causes an R→ O phase transition which 
initiates a marked nonlinear transition.  In the loading orientation used in this work, an 
applied electric field counteracts the compressive stress and opposes the R → O phase 
transformation.  Both applied fields change the measured compliance, piezoelectric and 
dielectric material properties of PMN-0.27PT single crystal specimens.  Figure 4-7 shows 
the measured linear material properties as a function of stress or electric field bias levels, 
dependent on which loading scheme the coefficient was measured.  To determine the 
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linear material properties at small field the moduli of the initial 5% of the maximum 
applied load was measured to obtain the linear compliance, piezoelectric and dielectric 
material properties.  The material response in this region was found to be linear.   
 







































































Figure 4-7. Measured compliance (a), piezoelectric (b) and dielectric permittivity (c) as a 
function of applied bias field and temperature for single crystal PMN-0.27PT. The lines 
connecting points are to guide the eye and do not represent experimental data or a model.  




Figure 4-7 shows how the material properties change in response to the applied 
bias fields.  Figure 4-7a shows that the measured compliance decreases as the applied 
electric field bias increases.  This is because the electric field is moving the PMN-0.27PT 
material further from the R → O phase transformation initiation point and closer to the 
R → T phase transition.  This behavior was also observed in PMN-0.26PT, PMN-0.29PT 
and PMN-0.32PT single crystal specimens in the 001  orientation.  It can be seen from 
Figure 4-3 that a compressive stress applied along the 001  crystallographic direction 
causes a phase transformation to the O phase and a nonlinear change in material 
properties.  As the applied stress bias was increased and the phase transformation was 
initiated there was an increase in the piezoelectric and dielectric material constants.  This 
is because the stress bias causes a partial change to the O phase and then an electric field 




















constants.  Although not shown in the measured data, this behavior would be followed by 
a decrease to zero of the material constants for the fully depolarized orthorhombic phase.  
Recent research by Davis et al. [123] have characterized 001  PZN-xPT (x = 5, 6.5, 8.5) 
and 001  PMN-xPT (x = 25, 30.5, 31) single crystal under unipolar electric field cycling 
at various temperatures.  This work showed that as the specimen temperature was 
increased there was a corresponding increase in the d333 piezoelectric coefficient and a 
simultaneous decrease in the electric field required to initiate a phase transformation.  
The measured piezoelectric and dielectric coefficients shown in Figures 4-7b and 
4-7c, respectively, are taken at points where the material has not been mechanically 
driven into the fully depolarized state.  Continued increasing of the bias stress causes 
these coefficients to reach a maximum and then decrease.  This behavior can be seen in 
experimental measurements of 001  PMN-0.26PT specimens that were applied with a 
bias stress large enough to drive the full transformation.  Figure 4-8 shows the zero field 
piezoelectric coefficient, d333, plotted against the applied compressive bias stress for 





Figure 4-8. Piezoelectric coefficient, d333, measured during bipolar electric field cycling 
at zero field for 001  PMN-0.26PT.  The rhombohedral and orthorhombic phases are 
labeled. The lines connecting points are to guide the eye and do not represent 




4.5 Concluding Remarks  
The electromechanical response and phase transformation behavior of relaxor 
based 001  oriented single crystal PMN-0.27PT and PMN-0.29PT specimens were 
measured under combined mechanical, electrical and thermal fields.  Three-dimensional 
surface plots were utilized to clearly illustrate phase transformations. Experimental 
results were compared to previous studies to show the dependence of constitutive 
behavior and R → O phase transformations on material composition and temperature.    
As the temperature and percent composition of xPT decrease there was a reduction in the 
measured linear electromechanical response and the stress required for initiation of the 




























A MODEL OF THE CONTINUOUS FIELD DRIVEN PHASE 
TRANSFORMATIONS OBSERVED IN PMN-xPT RELAXOR 






The field driven phase transformation behavior of relaxor ferroelectric single 
crystal PZN-xPT is discontinuous and displays well-defined forward and reverse coercive 
fields [136], whereas the same transformation in PMN-xPT is nearly continuous and 
occurs over a range of field levels [45].  In analogy to the broad Curie range in relaxor 
ferroelectrics arising from property fluctuations at the nanometer length scale, the 
continuous field driven phase transformations in PMN-xPT are modeled as a step-like 
series of discontinuous transformations associated with similar spatial property 
fluctuations. An increase in applied field gradually increases the volume fraction of the 
new phase at the expense of the old phase resulting in a continuous transition between 
phases. The model simulation produces excellent agreement with the measured material 
response of 011  cut PMN-0.32PT single crystals under conditions of cooperative stress 
and electric field loading.  This work has been accepted for publication in Acta 
Materialia [137] and was the result of collaborative work between Elizabeth McLaughlin 
at the Naval Undersea Warfare Center Division Newport and Prof. George Rossetti at 
The University of Connecticut, Storrs, Connecticut.  Elizabeth McLaughlin provided the 
experimental measurements of the PMN-0.32PT single crystal specimens for previously 
published studies [45, 68].  Prof. George Rossetti provided discussion concerning the 




Relaxor ferroelectric materials display a diffuse phase transformation between the 
high temperature paraelectric and lower temperature ferroelectric phases that is 
characterized by a broad Curie range instead of the single Curie point that is observed 
with a normal ferroelectric phase change [98].  This broadened phase transformation 
behavior is observed in a number of complex perovskite-structured compounds and solid 
solutions that include PMN, PMN-xPT and PLZT, (Pb,La)(Zr,Ti)O3 [138].  Figure 5-1 
shows the dielectric permittivity as a function of temperature and frequency for PLZT 




Figure 5-1. Dependence of the dielectric permittivity for PLZT 6/80/20 on temperature 




Recent characterization of relaxor ferroelectric single crystals has resulted in the 
observation of two distinct types of phase transformation behavior under the application 
of externally applied loads.  As shown in Figure 5-2a, when the transverse strain is 
measured perpendicular to the direction of the applied electric field, electrically loaded 
011  cut PZN-0.045PT shows well-defined coercive fields for the forward and reverse 
transformations.  The transformation is accompanied by a discontinuous change in strain 
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and strong hysteresis that is characteristic of a first-order phase change [66, 67, 123].  
These observations are to be contrasted with those shown in Figure 5-2b, which shows 
the results of similar measurements for electrically loaded 011  cut PMN-0.32PT. For 
PMN-0.32PT there is a nearly continuous phase transformation that is spread over a 
range of field values that shows markedly less hysteresis than is observed for 011  cut 
PZN-0.045PT [45].  In both cases the transformation is understood to be from the initial 
rhombohedral phase to a field-induced orthorhombic phase. 
 





























































Figure 5-2. (a) PZN-0.045PT [64] and (b) PMN-0.32PT [45] strain versus electric field 
behavior during field induced phase transformations. The constant uniaxial compressive 





Field induced phase transformation behavior has been measured in several 
compositions of PMN-xPT. The transformation fields were found to increase as the PT 
concentration (x) was decreased and the average composition was moved away from the 
morphotropic phase boundary and toward the PMN end member.  Frequency-dependent 
dielectric permittivity measurements made on polycrystalline PMN-xPT compositions 
reveal relaxor ferroelectric behavior when x < 0.35 and normal ferroelectric behavior for 
x > 0.35 [140]. Based on neutron diffraction data [140], it is reported that three phases of 
monoclinic symmetry interleave the rhombohedral and tetragonal phases of the 
conventional morphotropic phase diagram.  However, close to the morphotropic 
boundary region, complex microstructures are observed in single crystal PMN-xPT that 
are characterized by hierarchical domain structures with domain sizes ranging from 
nanometers to millimeters and with spatial configurations that are dependent on the 
thermal and electrical history of the specimen [141]. Chemical heterogeneity persisting at 
the nanometer length scale is understood to be the origin of the broad Curie temperature 
region and frequency dispersive properties of relaxor ferroelectrics [98, 138]. Here it is 
proposed that spatial, chemical and structural heterogeneities may play a similar role in 
the observed broadening of the field-induced transformations that take place between two 
ferroelectric phases in relaxor single crystals.  Following this interpretation the 
macroscopically observed material behavior can be the result of the volume average of 
the behavior of many small regions, each region displaying the discontinuous type 
transformation observed in PZT-0.045PT, but with spatial fluctuations in material 
properties about their mean values resulting in a distribution of forward and reverse phase 
transformation fields.    
 
 92
 A model is presented based on the volume average of a sub-scale property 
distribution mechanism and is shown to provide excellent ability to fit the observed 
material behavior over a range of stress, electric field, temperature and composition. 
 
5.2 Model Methodology 
 The sub-scale material behavior is assumed to follow an idealized discontinuous 
phase transformation from a phase with linear material response to another phase with 
linear response, as shown in Figure 5-3.  In this figure, the driving field can be either 
stress or electric field and the response can be either strain or electric displacement.  For 
each phase, the moduli of the phases are αm  and βm .  αrR  and 
β
rR  represent the 
remanent values for either strain or electric displacement of the α and β phases.  cF1  and 
cF2  represent the value of the applied field, either electric field or stress, which drives the 
transformation from α to β and from β to α, respectively. 
 
 
Figure 5-3. Step-like field driven transformation behavior from phase α to phase β is 
shown schematically.  The labels indicate the moduli, the remanent values, and both the 

















 Some relaxor single crystal compositions undergo a phase change that is nearly 
continuous [45, 68].  This phase transformation behavior is modeled by simulating the 
material as a heterogeneous medium comprised of numerous regions that each have ideal 
discontinuous switching behavior but with each region differing in the local values of 
coercive field for the forward and reverse transformations, cF1  and 
cF2 .  This produces a 
series of step-like discontinuous transformations, the volume average of which results in 
a gradual change in strain and electric displacement as the applied field increases and 
progressively more regions transform.  The differences between the forward and reverse 
coercive field values for the various regions are approximated to be constant.  The moduli 
of the initial phase are assumed to be the same in all untransformed regions and the 
moduli of the final phase are assumed to be the same in all fully transformed regions.  
This is an approximation as it is known that the moduli are both composition and 
temperature dependent.  These approximations enable modeling each region as having a 
unique and finite hysteresis.  Taking the difference between the forward and reverse 
transformation fields to be a constant and the moduli of the two phases of each region to 
be the same leads to the hysteresis loops having different areas due to the different 
moduli of the two phases.  Figure 5-4 shows a schematic illustrating a qualitative 
representation of three different local material regions and their respective hysteresis loop 





Figure 5-4. Step-like switching behavior from α to β due to an applied field for various 
regions of material.  Switching between phases for each region is initiated at a different 




 Modeling the distributed phase transformation behavior required identification of 
the driving force interval over which the transformation is distributed and a distribution 
function which describes the way in which the regions are distributed.  The start and 
finish points of the interval for the forward transformation were determined by measuring 
the location where the experimental data displayed a 5% variation of slope from the 
linear material response.  This identified a range of threshold values from the lowest field 
needed for transformation initiation to the highest field required for transformation 
completion, i.e. a range of 1
cF  values.  Next, the width of the hysteresis area at the widest 
location was measured.  This measurement was taken to represent the difference between 
the forward and reverse transformation fields and thus to provide the range for reverse 
phase transformation, i.e. a range of 2
cF  values.  A normal distribution was used within 
the threshold interval to describe the variation of local materials properties about their 


















reverse threshold intervals, only shifted relative to one another.  For the simulations +/-
2.58σ  was chosen to set the end points of the distribution function to match the end 
points of the transformation interval.  This fitting parameter adjusts the shape of the 















eXf ,            2.58 2.58Xσ σ− < <                    (5-1) 
 
where σ is the standard deviation, μ is the mean coercive field, and f(X) represents the 
volume fraction of regions with coercive field X.  Figure 5-5 shows an example of the 
determination of the linear material coefficients and remanent values for the R and O 




































Figure 5-5. Determination of linear material properties, remanent values and  range of 




 In setting up the numerical simulations, the interval was subdivided into n distinct 
sub-intervals k with the volume fraction fk of material within each sub-interval 
determined using the normal distribution. The volume average strain and electric 





























where ijε̂  and mD̂  are the macroscopic strain and electric displacement, respectively, 
(εij)k and (Dm)k are the local strain and electric displacement response of region k to the 
applied fields. 






















σκσ                                                               (5-5) 
 
 
where Lijε  is the reversible strain, 
s
ijε  is the spontaneous strain, sijkl is the compliance, σkl 
is the stress, dkij is the piezoelectric constant, Ek is the electric field, LiD  is the reversible 
electric displacement, siP  is the spontaneous polarization, and κik is the dielectric 
permittivity; indices vary from 1 to 3.  The superscripts E and σ refer to constant electric 
field and stress, respectively. 
 Electrical and mechanical loads applied simultaneously can either work together 
to drive the transformation (cooperative loading) or against one another where one load 
drives the transformation and the other load hinders it (antagonistic loading).  
McLaughlin et al. [45, 68] have observed this behavior experimentally in PMN-0.32PT 
single crystal specimens.  The present model has been setup to simulate cooperative 
loading in which the electric field is applied in the 011  direction and the stress in the 
100  direction.    
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The combination of simultaneously applied electrical and mechanical fields is 
handled by recognizing that there is an energy difference between the phases that 
represent a barrier to the transformation and that the applied loads must perform 
sufficient work to drive the material past this energy barrier.  The mechanical work is 
found from the scalar contraction of the applied stress with the strain change that takes 
place during the transformation and the electrical work is found from the scalar 
contraction of the electric field with the electric displacement change that takes place 
during the transformation.  The initial interval for electric field loading is identified at a 
particular constant stress level.  If this stress level is changed, the interval shifts by the 
change in mechanical work that takes place during the transformation.  The interval shift 
can be found from the increment in reversible work density done on an isothermal body 
using Equation (5-6). 
 
βαβαβαβαβα εσ →→→→→ Δ+Δ=Δ+Δ=Δ mmijijelecmech DEwww           (5-6) 
 
where βα →Δw  is the total increment in work to transform from phase α to β, σij is the 
applied stress, βαε →Δ ij  is the change in strain, Em is the applied electric field, and 
βα →Δ mD  
is the change in electric displacement.  It follows from Equation (5-6) that the 
simultaneous application of a constant compressive stress and unipolar electric field will 
change the threshold for the phase transformation.  In fact, one of the checks on the 
validity of this modeling approach is to use the parameters determined from the electrical 
loading data to simulate mechanical loading and then compare with measured mechanical 
loading data.   
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The jump in strain and electric displacement caused by a phase change from a 
single applied load can be measured for each material region.  During a unipolar electric 
field load, the application of a compressive stress does mechanical work during the phase 
change.  During a unipolar compressive stress cycle the application of an electric field 
bias does electrical work during the phase transformation.  The addition of mechanical or 
electrical work changes the phase transformation behavior and results in a shift of the 
interval of coercive field values according to Equation (5-6).  Figure 5-6 shows a 
schematic of step-like behavior during phase transformation with illustration of the 
change in strain and electric displacement which were utilized in Equation (5-5) and (5-
6). 
 
Figure 5-6. Phase transformation from phase α to β, illustrating the change in strain and 




 In addition to shifting the transformation interval, the application of an additional 
load shifts the starting point of the strain and electric displacement values due to the 




















 Experimental measurements were performed using the stress-dependent 
electromechanical characterization system (SDECS) located at Naval Undersea Warfare 
Center (NUWC) Division Newport. The SDECS system measures the response of 
piezoelectric materials to electrical, mechanical and thermal fields.  The specimens were 
oriented with the polarization direction aligned along the 011  crystallographic axis 
creating a two variant state.  An electric field was applied along the 011  axis while a 
compressive stress was applied perpendicular along the 100  axis.  This load orientation 
is described as cooperative because both the stress and electric field provide a positive 
driving force for the rhombohedral to orthorhombic phase transformation.  Strain and 
electric displacement were measured while the crystal was loaded with both unipolar 
electric field at several constant stress levels and unipolar stress at several constant 
electric field levels. All measurements were carried out at 298 K. 
 The material properties and the difference between the forward and reverse 
coercive field values were determined from the experimental data.  Table 5-1 shows the 














Table 5-1. Measured material properties of 011  PMN-0.32PT single  
crystal during unipolar electric field and compressive stress loading  
 Unipolar Electric Field Unipolar Stress 
( )22R
α
ε   (%) 0.0390 0.0390 
( )22R
β
ε   (%) 0.0175 0.0240 
( )3RD
α
  (C/m2) 0.301 0.301 
( )3RD
β
   (C/m2) 0.340  0.332 
( )322Ed
α
  (pm/V) -1120 -1120 
( )322Ed
β
  (pm/V) -320 -320 
( )33
ασκ   (nF/m) 27 -- 
( )33
βσκ   (nF/m) 10 -- 
( )2222Es
α
 (10-12 m2/N) -- -63.2 
( )2222Es
β
 (10-12 m2/N) -- -21.0 
min ( )1cF , max ( )1cF   1.4, 2.05 kV/cm 23, 38 MPa 




The difference in total strain values between the phases are needed to compute the 
mechanical work done during the stress driven transformation and the difference in total 
electric displacement values between the phases can be used to compute the work done 
during an electric field driven transformation.  These values were determined from the 
remanent strain or electric displacement values, the moduli of the associated phase, and 
the load level at which the transformation is taking place using Equations (5-4, 5-5).  
Figure 5-6 shows the experimental data and simulations using the phase transformation 
model. For the experimental curves, the error bars are roughly the thickness of the lines 
used to plot the results and thus are not shown.   The insets in Figure 5-6a show the 
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symmetry equivalent orientations of the polarization vector along the pseudo-cubic 111  
directions of the rhombohedral (R) phase and the 110  directions of the orthorhombic 
(O) phase in relation to the directions of the applied electric field and mechanical stress.   
Figure 5-7 shows two-dimensional plots of the measured strain and electric 
displacement compared to model simulations.  Figures 5-8 and 5-9 combine the two-
dimensional plots into three-dimensional surface plots that straightforwardly show the 
phase transformation behavior.  The insets in Figure 5-8a represent the crystal variants 
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Figure 5-7. Comparison of the experimentally measured 110  PMN-0.32PT single crystal (colored lines) and simulated (black lines) 
strain and electric displacement during electric field and stress induced R → O phase transformation.  The applied bias values are 


























































































Figure 5-8. Comparison of the experimentally measured (a) and simulated (b) 
longitudinal strain of 001  single crystal PMN-0.32PT under 32-mode loading. 
























































Figure 5-9. Comparison of the experimentally measured (a) and simulated (b) electric 






 The predictive capability of this distributed property mechanism based model is 
excellent.  Simulations of the three-dimensional surface plots of Figure 5-6 only required 
a limited number of parameters, the measured linear material response of each phase, the 
measured remanent strain and remanent electric displacement of each phase, the width of 
the hysteresis loop during the electric field driven transformation, and the measured field 
levels for the start and end of the phase transformation.  The only fitting parameter was 
the number of standard deviations that were contained within the interval of 
transformation.  This controlled the shape of the normal distribution function used to 
simulate the distribution of regions.  For the simulations presented, a standard deviation 
of +/- 2.58 was found to best fit the data. With a small number of measured parameters 
this model accurately simulates the phase transformation behavior during multiaxial 
loading.  Temperature effects are not included in the model, but can be included by 
accounting for the shift in relative energy levels of the phases associated with a change in 
temperature and a shift of the moduli with temperature.    
 The amount of hysteresis in the model is controlled by the difference between the 
forward and reverse coercive fields. The level of hysteresis observed in the experimental 
results, Figure 5-7c, does not match that of the simulations.  The reason for this appears 
to be because the unipolar stress loading was done at a low frequency where the SDECS 
instrumentation appears to have had some drift in the electric displacement measurement 
system.  This drift was a known problem with the data and it is likely that the simulation 
of the stress-electric displacement curves based on the parameters taken from the electric 
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field loading are more accurate than the measured data.  An attempt to represent this with 
error bars in Figure 5-7c would simply present bars that span the open loop.   
 The mechanism that this model is based on, namely that there are sub-scale 
regions with different properties, is presently the subject of intense discussion.   This 
concerns the relation of the structural state near the morphotropic phase boundary in 
relaxor ferroelectric single crystals such as PMN-xPT to the nature of the phase 
transformations that may occur between ferroelectric phases subject to a change in 
temperature, composition and/or externally applied loads [142].  Two distinct 
explanations have emerged to reconcile how it is possible for a continuous transformation 
to occur in relaxor single crystals between two ferroelectric phases that do not share 
symmetry group-subgroup relations. In one explanation the phase transformation 
behavior observed in morphotropic PMN-xPT materials is associated with the presence of 
one or more monoclinic phases positioned in a region of the composition-temperature 
phase diagram adjacent to the morphotropic boundary [143]. It is proposed that these 
monoclinic phases serve as structural bridges in which there is a polarization rotation that 
provides a pathway for transitions between ferroelectric phases of different symmetry 
[144]. Following this interpretation the observed macroscopic material response arises as 
a consequence of the intrinsic properties of the monoclinic bridging phases.   
An alternative explanation [145] has been proposed based on the adaptive state 
theory of martensites, wherein the diffraction data attributed to homogeneous phases of 
monoclinic symmetry are instead the result of heterogeneous stress-accommodating 
domain structures with ultra-low domain wall energies and spatial dimensions reduced to 
the nanometer scale [146].  Following this interpretation the observed macroscopic 
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material response is extrinsic in nature and arises as a consequence of the gradual 
reconfiguration of the nano-domain states under the application of external forces [147].  
The hierarchical microstructures associated with these nano-domain states have been 
directly confirmed in PMN-0.33PT single crystals by a combination of transmission 
electron microscopy, convergent beam electron diffraction and polarized light 
microscopy [148] and their reconfiguration has been connected with the high sensitivity 
of the phase stability near the morphotropic boundary of PMN-xPT to crystal orientation 
under applied electric field [149].      
The model presented in this chapter follows the second description wherein 
chemical and structural heterogeneities at the nanometer length scale lead to spatial 
property fluctuations.  The origins of these spatial property fluctuations have been 
attributed to the chemical heterogeneities that are inherent to relaxor ferroelectrics [98, 
138] and to the microstructural heterogeneities that are inherent to morphotropic 
ferroelectric solid solutions [150]. The present model is therefore conceptually similar to 
the earliest distributed Curie temperature model used to explain the broadened dielectric 
permittivity peak seen in same materials and which also display the diffuse phase change 
[26].   
 
5.5 Concluding Remarks 
 A phase transformation model has been presented which simulates the effects of 
variations in material properties among local regions in relaxor ferroelectric materials.  
Each of these local regions was assumed to respond with discontinuous phase 
transformation behavior with an instantaneous change in the elastic, piezoelectric, and 
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RATE INDEPENDENT MICROMECHANICAL MODEL OF NONLINEAR 






The non-linear and hysteretic constitutive behavior of polycrystalline ferroelectric 
materials is governed by mechanisms at several smaller length scales and over multiple 
time scales.  These include the length scales of grains, domains, defect structures and unit 
cells.  This work presents a micromechanical model of the constitutive behavior of single 
crystal PMN-0.26PT based on the evolution of the volume fraction of crystal variants, 
which is then used as the foundation for a micromechanical model of polycrystalline 
PMN-0.32PT.  In the presented micromechanical approach, the behavior of each grain is 
modeled as the volume average of the behavior of the rhombohedral crystal variants.  The 
variant volume fractions evolve in response to local stress and electric fields.  The 
behavior of the grains is then volume averaged to obtain the behavior of the 
polycrystalline ceramic.  The multiaxial model results are compared with measured single 
crystal and with polycrystalline behavior.  This work is presently being prepared for 




 Developing micromechanical constitutive models of ferroelectric material is a 
multifaceted problem where nonlinear hysteretic behavior at multiple length scales 
contributes to the observed behavior. Simulations based on the underlying mechanisms 
are inherently multiaxial and give insight into the various contributions of the 
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fundamental phenomena. They also provide the capability to perform accurate multiaxial 
simulations suitable for the tuning of macroscale multiaxial phenomenological models 
[151].  Such models can be used in finite element codes for device design and 
optimization. Many applications expose ferroelectric materials to high stress, high 
electric field and changing temperatures. Domain wall motion is a primary contributor to 
nonlinearity and hysteresis in ferroelectrics below the Curie point [6].  The mobility of 
domain walls is dependent on time, field strength, frequency and inhomogeneities at 
various length scales. 
 The micromechanical approach models polycrystalline ferroelectric constitutive 
behavior as the volume average of the behavior of an orientation distribution of single 
crystal grains (typically random or uniform, but textured polycrystals can readily be 
simulated using this approach).  Early micromechanical models assumed there were no 
interactions between grains and that loading was quasi-static, isothermal and well away 
from phase transition temperatures [92, 152-160].  Each grain was assumed to have 
Priesach step-like switching behavior [92]; therefore domains and domain walls were not 
explicitly modeled.  This effectively combined the behavior at multiple smaller length 
scales using a single simplifying assumption.  In these early models, each unit cell was 
typically modeled as tetragonal with spontaneous polarization in one of six possible 
directions.  Multiple grains were modeled; each with a random orientation of the crystal 
structure relative to a macroscale coordinate system and each given an initial random 
polarization direction.  This resulted in an initial value of zero remanent (volume 
average) polarization and strain of the polycrystalline ferroelectric.  Application of stress 
and electric field resulted in evolution of the remanent polarization and strain.  This 
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occurred due to the polarization of the single crystal grains switching to align with the 
applied stress or electric field in a manner that maximized the work done by the external 
driving forces, as described by Equation (6-1). This states that when the work per unit 
volume that would be done in a virtual switch of the polarization from one of the 
tetragonal directions to another exceeds an energy barrier, then the switch will take place 
[92].  
 
2s s sij ij i i cw E D E Pσ ε= Δ + Δ ≥                                                                                           (6-1) 
 
where ijσ  is the applied stress, iE  is the applied electric field, 
s
ijεΔ  and 
s
iDΔ  are the 
change in the spontaneous strain and electric displacement that would take place were the 
polarization to reorient to one of its other equilibrium orientations,  Ec is the coercive 
electric field and Ps is the magnitude of the spontaneous polarization. It is apparent from 
Equation (6-1) that under purely mechanical loading there is no driving force for 180o 
polarization reorientation since this provides no change in strain.  Only 90o polarization 
reorientations occur under this condition.  However, when an electric field is applied in 
the absence of mechanical load, 180o and 90o reorientation are both possible depending 
on the orientation of the electric field with respect to the initial polarization direction.   
 Subsequent micromechanical models addressed the material behavior associated 
with domain switching, volume fraction evolution of variants, phase transitions and 
domain engineering in single crystals [90, 118, 136, 161-168]. McMeeking and Hwang 
[159] and Chen and Lynch [118, 161] proposed models that used interaction functions to 
approximate the interactions between grains using a simplified inclusion approach.  Chen 
and Lynch used different energy levels for 90o and 180o switching and included the 
 
 113
effects of intergranular interactions through semi-empirical fitting parameters to model 
piezoelectric polycrystalline ceramics.  Huber et al. [90, 162] implemented a crystal 
plasticity based model governing the evolution of a switching surface (this is similar to a 
yield surface in phenomenological plasticity) and volume fractions of crystal variants.  
This model assumed that once a critical yield value was reached, volume fraction 
evolution proceeded in a steady-state dissipative process while the critical yield value 
remained constant.  Landis and McMeeking [169] presented a self-consistent constitutive 
model for barium titanate.  This model considered simplified domain wall motion which 
was primarily due to 180o switching and modeled the ferroelectric grains as spherical 
crystallites.  Mauck and Lynch [165, 166] proposed models which included thermal and 
rate effects.  Rodel and Kreher [167] described the effects of intergranular interactions 
using a statistical method and a simplified domain configuration.  Chen et al. [153] and 
Lu et al. [170-172] both proposed a domain switching model that considered each 
domain to be an ellipsoidal inclusion in an infinite piezoelectric solid.  The energy due to 
the existence of individual domains and the domain interaction energy were formulated in 
a thermodynamics framework to determine the volume fractions of each variant.  Fan 
[119] utilized domain wall nucleation and evolution rate equations to describe the 
nonlinear hysteresis behavior of PMN-based polycrystals near the phase transition 
temperature where the permittivity is at a maximum.  In this work, he developed a 
domain switching model which utilized the applied mechanical and electrical loads to 
determine the driving force for volume fraction evolution.  Fan et al. [173] then 
developed a model to describe the transition from an initially soft material to the 
subsequent hardening due to polarization saturation.  This model relied heavily on curve 
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fitting experimental polycrystalline data and did not take into account the volume fraction 
evolution of crystal variants that occurs during loading.  Other authors have also utilized 
micromechanical modeling to describe observed nonlinear ferroelectric behavior [101, 
174, 175]. 
 Although micromechanical modeling has provided considerable insight into non-
linear and hysteretic material behavior, these models used the sub-scale (single crystal) 
behavior as a fitting parameter for the observed macroscale polycrystalline behavior.  In 
the following work, a micromechanical model is developed from measured single crystal 
behavior and the results compared to measured behavior of polycrystalline specimens of 
a similar composition. 
 
6.2 Model Methodology 
 In this work, a model of macroscale ferroelectric behavior is developed based on 
several underlying sub-scale phenomena.  This involves the development of models 
governing the sub-scale behavior followed by implementation of a volume averaging 
scheme to determine the macroscale material response.  Volume averaging was 
performed in which the domain types (crystal variants) are volume averaged to obtain the 
grain level remanent polarization and strain.  This was accomplished by weighting the 
spontaneous strain and polarization of each of the crystal variants present by the volume 
fraction of that variant.  It was assumed that compatible domain walls were formed, and 
thus interaction energies between domain walls were not considered.  Because the 
maximum measured field induced strain was smaller than 0.5% the following formulation 
is restricted to small strain.  
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6.2.1 Constitutive Behavior 
 The materials under consideration are single crystal and polycrystalline PMN-xPT 
compositions near the morphotropic phase boundary (MPB) which are in the 
rhombohedral phase at room temperature (293K).  The rhombohedral phase is a member 
of the trigonal crystal class that possesses 3m symmetry [176].  Miller indices were used 
to define the orientation of the crystal variants where [ ]mnp  denotes a specific 
crystallographic direction and mnp  indicates all vectors that are equivalent to [ ]mnp  
by symmetry.  The rhombohedral phase has eight possible spontaneous polarization 
directions that are oriented towards the corners of the unit cell along the 111  directions.  
A variant coordinate system was defined for each of the possible spontaneous 
polarization directions in the unit cell.  The choice of variant coordinate system affects 
the coefficients.  The variant coordinate system for the rhombohedral structure poled in 
the 111  direction was defined as such: the variant axes 1x̂ - 2x̂ - 3x̂  lie along the 110 -
112 - 111  cubic referenced directions, respectively, where 3x̂  is the variant 
spontaneous polarization direction.  This coordinate system was chosen because the 
principal axes of each variant could be conveniently defined with the cubic referenced 
axes, simplifying implementation.  Figure 6-1 shows a schematic of the rhombohedral 
unit cell illustrating possible polarization directions as well as the crystal (cubic 
referenced) and variant referenced coordinate systems.  A similar variant coordinate 




Figure 6-1. Structure of the rhombohedral unit cell illustrating the crystal (xk) and variant 




 The governing equations are presented using indicial notation; summation is 
implied on repeated indices. The single variant behavior is modeled using a linear 
piezoelectric constitutive law.  
 
L s E s
ij ij ij ijkl kl kij k ijs d Eε ε ε σ ε= + = + +                          (6-2) 
 
L s s
i i i ikl kl ik k iD D D d E P
σσ κ= + = + +                                                    (6-3) 
 
where εij is the total strain, sijε  is the spontaneous strain tensor, sijkl is the compliance, σkl 
is the stress, dkij is the piezoelectric constant, Ek is the electric field, Di is the total electric 
displacement, siP  is the spontaneous polarization and κik is the dielectric permittivity; 
indices vary from 1 to 3.  Superscripts L and s refers to the reversible (elastic) and 
spontaneous (nonlinear) portions of strain and electric displacement, respectively.  
Superscripts, E and σ refer to constant electric field and stress, respectively. The 
spontaneous strain and polarization for the 111  variant are shown in Equations (6-4) 
and (6-5). 
x1, [ ]100  
x2, [ ]010  
x3, [ ]001  
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where εs is the spontaneous strain and Ps is the spontaneous polarization along the 3x̂  
axis. 
 
6.2.1.1 Rhombohedral Single-Domain Properties 
 In this study the compliance, piezoelectric and dielectric properties of each 
rhombohedral variant were taken to possess to 3m symmetry [24].  The associated non-
zero components of each material matrix for each rhombohedral variant are shown in 
Equations (6-6 – 6-8).  The compliance matrix shown in Equation (6-6) is symmetrical 
about the leading diagonal. 
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κ ij                        (6-8) 
 
 
The complete set of nonzero piezoelectric coefficients for the 111  variant was 
established using the ratio of material properties determined from previous experimental 
investigations of single crystal PMN-0.3PT specimens [136] in conjunction with our 
measurements.  A full set of piezoelectric coefficients for 111  oriented PMN-0.3PT 
single crystals have been determined by Liu and Lynch [136] through a combination of 
experimentation and computation. The relative ratio of the piezoelectric constants from 
their study was maintained, but scaled by the smaller magnitude of measured 
piezoelectric coefficients in the composition under consideration during this study.  
Equation (6-9) shows the orthogonal transformation of the piezoelectric coefficients from 
one right-handed orthogonal coordinate system to another.   
 
ijk im jn kp mnpd a a a d′ =                  (6-9) 
 
where aij are components of the transformation matrix and summation is implied.  
Expanding Equation (6-9) and substituting in the components of the direction cosine 
matrix determined from coordinate systems for the 001  and 111  yields Equation (6-
10) which can be used to determine the relationship between the measured piezoelectric 
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coefficient, 00133d , and the nonzero components of the piezoelectric tensor in the 111  
oriented PMN-xPT single crystal [64].   It is assumed that the 001  poled single crystal 
contains equal volume fractions of the 111 , 111 , 111  and 111  rhombohedral 
variants. 
 
001 111 111 111 111
33 31 33 15 160.3849 0.1925 0.3849 0.2722d d d d d= + + −      (6-10) 
 
where the superscripts 001  and 111  refer to the crystallographic orientation of the 
material coefficient.  With the determined coefficient ratios, the single-domain properties 
can be estimated for PMN-0.26PT from Equation (6-10). 
 The nonzero components of the compliance and dielectric tensors were 
determined in a similar scaling method to the piezoelectric coefficients.  Zhang et al. 
[177-179] have experimentally determined a complete set of compliance and dielectric 
tensors for 111  and 001  PMN-0.33PT single crystal along with the material 
properties for other compositions of 001  PZN-xPT and PMN-xPT single crystal 
specimens [180-182].  Jin et al. have presented a complete set of single-domain material 
properties for PZN-(0.06-0.07)PT [183].  Measurements for all studies were made with a 
technique that combined the resonance and ultrasonic methods [179].  In this work, the 
relative ratio between each component measured by Zhang et al. [177-179] was 
maintained while the magnitude was scaled using the material constants measured in this 
investigation.  Material constants measured during quasi-static loading differ from 
measurements of the same constants with the resonance technique [74].  This is due to the 
rate-dependence of ferroelectric materials.   Table 6-1 shows the material coefficients 
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used to describe the electromechanical response of each 111  oriented rhombohedral 
variant. 
 
Table 6-1. Material coefficients of a rhombohedral variant for PMN-0.26PT, PMN-
0.32PT, and PZN-0.045PT.  Elastic compliance coefficients: Eijs (10
-12 m2/N); 
piezoelectric coefficients: ijd  (pm/V); dielectric coefficients: ij
σκ  (nF/m); coercive field: 
EC  (kV/mm).  
 PMN-0.26PT PMN-0.32PT PZN-0.045PT 
Es11  9.3 10.9 11.7 
Es12  -22.8 -9.5 -28.9 
Es13  -0.8 -0.98 -1.1 
Es14  -24.9 -29.2 -31.6 
Es33  2.0 2.4 2.5 
Es44  76.4 89.9 96.8 
31d  -44.7 -63.5 -35a 
33d  93 132 125a 
15d  2954 4200 3824a 
16d  -1238.9 -1761 -1902a 
11
σκ  96.45 144.6 96.45 
33
σκ  15.63 23.4 15.63 
EC 0.09 0.13b 0.17 
aLiu and Lynch [184] 




6.2.1.2 Spontaneous Strain and Polarization 
 A 001  poled rhombohedral single crystal is in a four domain state with equal 
volume fractions of each variant.  Because of the domain state the remanent strain is zero.  
The absence of remanent strain in the 001  poled crystal makes the determination of a 
remanent strain for the 111  poled single crystal from 001  experimental data not 
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possible.  It can be reasonably assumed that the remanent strain in the single domain 
111  poled rhombohedral crystal has the same value as the spontaneous strain of a single 
variant.  The most accurate method for determining the remanent strain of a 111  poled 
single crystal would be to directly measure this orientation experimentally.  However, 
there have been limited studies done in the 111  orientation.  Due to their increased 
electromechanical response most experimental investigations of single crystal PMN-xPT 
and PZN-xPT have focused on the 001  and 011  crystal orientations.  Liu and Lynch 
[66, 67] have measured the bipolar electromechanical response of PZN-0.045PT single 
crystals at various off-axis crystal cuts between the 001  and the 111  crystallographic 
orientations.  The measured remanent strain values from this study were used to estimate 
the spontaneous polarization for a rhombohedral variant in a relaxor ferroelectric.  It was 
assumed that the trend of the measured remanent strain values could be used to find the 
remanent strain for the 111  oriented single crystal, the spontaneous strain of each 
rhombohedral variant was the same and the spontaneous strain for PMN-xPT and PZN-
xPT were approximately equal.  Figure 6-2 shows the measured remanent strain values 
for each off-axis crystal cut.  From initial inspection the experimental data looks 
quadratic.  It was found, however, that the spontaneous strain estimated with a quadratic 
function did not match experimental results well in simulations.  This indicates that the 
remanent strain values may saturate as the off-axis angle, α, increases due to the domain 























where ( )31arccos=θ  is the angle between the 3x̂  poling axes of the 111  and 001  
coordinate systems.  Figure 6-2 shows the measured remanent values compared to 
Equation (6-11). 













Figure 6-2. Measured remanent strain values of PZN-0.045PT single crystal specimens 
with the poling electric field oriented at various off-axis angles between the 001  and 




Although the material used in the study by Liu and Lynch was a different single 
crystal material, it was a relaxor ferroelectric in the rhombohedral phase with similar 
electromechanical behavior.  The spontaneous strain was estimated to be 0.18% for 
PMN-0.26PT and PZN-0.045PT.  The spontaneous strain for PMN-0.32PT was estimated 
to be 0.2%.  These values were used as the spontaneous strain of each variant in the 
rhombohedral crystal.   
A similar analysis was not necessary for the spontaneous polarization of each 
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shows the relationship between the measured remanent strain in the 001  and 111  
orientations. 
 
( ) ( ) 1110013 3
1 sr PP =            (6-12) 
 
 Table 6-2 shows the estimated spontaneous strain and calculated spontaneous 
polarization for the rhombohedral variant. 
 
Table 6-2. Spontaneous strain and polarization values for relaxor ferroelectric materials 
 PMN-0.26PT PMN-0.32PT PZN-0.045PT 
sP (C/m2) 0.42a 0.365b 0.47c 
sε (%) 0.18 0.2 0.18 
aWebber et al. [60] 
bMcLaughlin et al. [68] 




6.2.2 Coordinate Systems for the Grain Scale 
Three different coordinate systems were used.  A global coordinate system 
defined the loading orientation, a crystal coordinate system defined the orientation of 
each grain relative to the global coordinate system and eight variant coordinate systems 
were used to define the material properties for each variant of each grain relative to each 
crystal coordinate system.   Single crystal material properties were determined from 
previous measurements [60] as well as from other data presented in the literature [64, 68].  
These data were used to deduce the single variant rhombohedral piezoelectric properties 
in the variant coordinate systems.  Each variant was assumed to possess the same 
material properties relative to their individual coordinate system.  Orthogonal 
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transformations were utilized to transform piezoelectric material properties, applied fields 
and material response between the global, crystal and variant coordinate systems.  The 
elastic, piezoelectric and dielectric tensors were initially defined with respect to the 
variant coordinate system whereas the external fields were applied in the global reference 
frame.  The resulting strain and electric displacement were calculated for each single 
crystal grain in the crystal coordinate system.  Single crystal behavior was approximated 
by volume averaging the response of each variant and assuming negligible variant 
interaction.  Equations (6-13) and (6-14) were used to determine the strain and electric 




















αα                       (6-14) 
 
where C refers to the crystal coordinate system, α is the current variant under 
consideration, n is the total number of possible variants, αf  is the variant volume 
fraction of variant α and aij is the direction cosine matrix that defines the transformation 
between the crystal and variant coordinate systems.  This system of equations is equally 
valid when transforming material properties between the crystal coordinate system and 
the global reference frame.   
Simulation of polycrystalline material containing many randomly oriented single 
crystals required an additional transformation.  It has been found that creating a system of 
transformation matrices through randomly generated Euler angles resulted in increased 
polarization around the north and south poles of the polycrystal.  Figure 6-3 shows the 
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intersection of the x1, x2 and x3 crystal axes of 10,000 single crystal grains with a sphere 
using one set of randomly oriented Euler angles.  It can be seen that the x1 and x2 crystal 
axes have clustered around the equator, while the x3 crystal axis is clustered about the 





Figure 6-3. Intersection of the crystal axes x1 (a), x2 (b) and x3 (c) with a sphere shown in 
the global coordinate system X1-X2-X3 when one set of randomly selected Euler angles 




Clustering was reduced by randomly selecting two sets of Euler angles and 
performing two independent transformations for each grain.  This process evenly 
distributed all three crystal axes.  Equation (6-15) shows the final transformation matrix 
resulting from the matrix multiplication of two independent transformation matrices.  
 
)1()2(
pjipij aaa =             (6-15) 
 
where summation is implied and the superscripts (1) and (2) refer to the first and second 
generated transformation matrix, respectively.  Figure 6-4 shows the intersection of the 
x1, x2 and x3 crystal axes of 10,000 single crystal grains with a sphere which have been 
X1 X1 X1 X2 X2 X2 
X3 X3 X3 
(a) (b) (c) 
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oriented according to Equation (6-15).  It can be seen that there is no visible clustering 






Figure 6-4. Intersection of the crystal axes x1 (a), x2 (b) and x3 (c) with a sphere shown in 




When considering a polycrystalline material an additional volume average is performed 
on the effects of each grain.  Equations (6-16) and (6-17) were used to determine the 
























                      (6-17) 
 
where C is the current grain under consideration, m is the total number of grains 
considered and Cf  is the volume fraction of each grain which was assumed to be m1 . 
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6.2.3 Volume Fraction Evolution 
The evolution of volume fractions of crystal variants is a non-linear process 
dependent on material composition, domain wall type and density, loading orientation 
and local defects.  Domain walls which are responsible for much of the nonlinear 
behavior seen in relaxor ferroelectrics [6] can become pinned by intersection with other 
domain walls, distributed space charges that may diffuse under slow domain wall motion 
or other defects like grain boundaries.  This suggests that a model that captures the effects 
of domain wall motion should have a threshold for breaking free of pinning sites.  Once 
the wall has broken free of its pinning sites its mobility through the crystal structure will 
be higher.  As the process nears completion there will be geometric constraints associated 
with compatibility conditions between the domain wall orientation and the grain 
boundary orientation as well as intergranular clamping.  These constraints will hinder the 
final stages of the wall motion.  It has been seen in experimental studies that the single 
domain state is unstable, possibly due to fringing fields that may be a strong function of 
boundary conditions [179].  The goal of this section is to introduce a model that captures 
these effects.  This begins by again considering the work done per unit volume as a 
domain wall moves. The effect is illustrated schematically in Figure 6-5. As the 
compressive stress is increased in this simple qualitative two-variant model the volume 
fraction of variant β will increase at the expense of variant α when the domain wall 
between them translates.  In the real ferroelectric material under consideration there are 
more than two possible variants. The following formulation will make use of two-variant 












Figure 6-5. Qualitative schematic of the volume fraction evolution of crystal variants in a 





When an external field is applied, work is done on the ferroelectric crystal.  If the 
applied work is larger than a critical value then the ferroelectric material responds by 
reorienting the spontaneous polarization direction of some domains.  This minimizes the 
energy of the system.  The exact volume fraction of each domain that evolves is 
dependent on the magnitude and relative crystallographic orientation of the applied fields, 
the locally generated fields and the resistance of a domain to evolution.  Local fields can 
be generated by inhomogeneities such as point charges or defects that can act as field 
concentrations.  The resistance of a domain to evolution is affected by the energy 
threshold for initiation of domain wall motion, domain wall density and other local 
barriers such as grain boundaries and point charges.  The effects on the driving force 
from the resistance of a domain to evolution is simulated by inclusion of kinematic 
hardening switching criterion which depends on the volume fractions of the two variants 





0mech elec BG G G G G
α β α β α β α β α β→ → → → →= + + ≥        (6-18) 
 
where Gα β→  is the driving force and 0G
α β→  is the threshold for volume fraction 
evolution.  The subscripts mech and elec denote the mechanical and electrical portion of 
the driving force.  The total driving force is a function of the mechanical and electrical 
driving force due to applied fields and the back fields generated from the current volume 
fraction state of the α and β phases.  This results in an expression for the driving force on 
a relaxor ferroelectric single crystal shown in Equation (6-19). 
 
( ) ( ) ( ),r rij ij i i BG E D G f f
α β α βα β α β α βσ ε
→ →→ →= Δ + Δ +                                     (6-19) 
 
As external fields are applied the driving force computed in Equation (6-19) changes as a 
function of applied fields, the current volume fraction state and the material properties of 
each variant.  If the driving force is lower than the critical threshold value governing 
domain switching then no evolution of the volume fraction between α and β is allowed.  
When the driving force is larger than the threshold value then evolution between α and β 
is allowed.  As evolution between the α and β phase proceeds at fixed external applied 
fields there is a change in the back fields that decreases the driving force for further 
volume fraction evolution.  When the back fields become large enough to neutralize the 
applied fields, evolution stops and the stable volume fraction state has been determined.  
Equation (6-20) shows the back field function that was used. 
 




where A, B, C and D are material constants.  Using the two-variant model presented in 
Figure 6-5 the back field can be determined as a function of the volume fraction of β.  
Figure 6-6 shows that when the volume fraction of β  is zero, back fields are absent.  As 
the volume fraction of α decreases at the expense of β it is assumed that more domain 
walls are present, causing barriers to volume fraction evolution.  When the material is 
completely transformed to the β phase there is a negative back field that reduces the 
critical switching threshold for the one domain state.  This is consistent with experimental 
investigations of 111  poled PZN crystals that appear to show that a depolarizing field, 
possibly generated by fringing fields dependent on boundary conditions, forces the one 




Figure 6-6. Simulated back field as a function of the volume fraction of β for a two-




Combining Equations (6-18), (6-19), and (6-20) results in an expression for the 
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α β α βα β α β α βσ ε
→ →→ →= Δ + Δ + − + ≥      (6-21) 
 
When Equation (6-21) is satisfied, then volume fraction evolution proceeds. 
 
6.2.4 Domain Wall Threshold Energy 
 A single crystal in the rhombohedral phase has eight possible domain types.  The 
domain wall that separates any pair of domains is identified by the relative angle between 
the spontaneous polarization directions of the domains.  In the rhombohedral phase there 
are three possible domain wall types: 180o, 109.47o and 70.53o.  The exact method of 
motion for each domain wall during evolution is not known.  It is possible that each 
domain wall type translates in a different manner.  This would require an individual 
domain evolution model for each domain wall type.  In the presented work, it was 
assumed that one evolution model was capable of simulating all domain wall types.  
However, it was also assumed that the energy threshold for switching was not the same.  
Equations (6-22a) and (6-22b) show the relative switching threshold ratios for 180o and 















=           (6-22b) 
where 1800G , 
109
0G  and 
70
0G are the threshold driving force for switching for the 180
o, 
109.47o and 70.53o domain wall types and n1 and n2 are material constants. 
 This approach has been previously considered in the simulation of polycrystalline 
8/65/35 PLZT experimental measurements [161].  It was found that the material had 
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sharp dips in butterfly shaped remanent strain as the applied field passed through the 
coercive field when subjected to a bipolar electric field with no applied compressive 
stress.  As stress was increased the dips continually became more rounded.  It was 
proposed that this was due to the differences in the switching thresholds between the 
three possible domain wall types.  In measured experimental data of off-axis PZN-
0.045PT single crystal specimens [67] between the 001  and the 111  orientations it 
was found that as the orientation angle was increased from the 001  direction the 
hysteresis loops developed deeper, sharper coercive field wells.  The presented model is 
compared to the experimental measurements of Liu and Lynch [67] in a subsequent 
section of this chapter. 
 
6.2.5 Phase Transformations 
In Chapter 5, a model was presented that described the phase transformation 
behavior.  The phase transformation model did not consider the evolution of phase 
boundaries; rather, it averaged the effects of discontinuous phase changes of nano-polar 
regions with compositional fluctuations.  It has been shown that relaxor ferroelectric 
materials with different compositions show different phase transition behavior.  Because 
of the assumed distribution of phase transformation initiation points, a continuous phase 
transformation is created.   
 
6.2.5.1 Rhombohedral ↔  Orthorhombic Phase Transformations 
Experimental investigations from various researchers have shown the existence of 
field induced R ↔ O phase transformations in relaxor ferroelectric single crystals [29, 42, 
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45, 60, 68].  This phenomenon is dependent on the magnitude and the relative 
crystallographic orientation of external loads, temperature and composition.  The 
rhombohedral phase under consideration in the domain evolution model is stable at room 
temperature.  This has allowed for many experimental measurements by various authors 
providing a complete set of anisotropic compliance, piezoelectric and dielectric material 
properties.  This is not the case for the orthorhombic (Class mm2) phase which in the 
PMN-xPT and PZN-xPT compositions examined is only stable in the presence of bias 
fields.  This raises an important difficulty: there exists very little experimental data to 
determine the full set of anisotropic material coefficients of the orthorhombic phase.  
Because the orthorhombic phase possesses no planes of symmetry many complex 
experimental measurements must be conducted that may be impossible to achieve.  Due 
to these difficulties the compliance and dielectric material properties for the 





ijkl ik jl il jk ij kls Y Y
ν νδ δ δ δ δ δ+= + −          (6-23) 
 
ij ij
σκ κδ=             (6-24) 
 
where Y is the Young’s Modulus, ν is the Poisson’s ratio, κ is the isotropic dielectric 
permittivity and δij is the Kronecker delta.  These idealized relationships represent the 
isotropic volume average compliance and permittivity.  The orthorhombic piezoelectric 
tensor cannot be assumed linear isotropic.  Direct measurements for the orthorhombic 
phase can be made from previous experimental data for the d32 piezoelectric coefficient 
of PMN-0.32PT [45].  The remaining constants (d33, d31, d24, d15) must be assumed so 
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that simulations matched experimental measurements.  Equation (6-25) shows the matrix 






















dij          (6-25) 
 
Similar problems arise for the tetragonal phase (Class 4mm) which in the compositions 
considered is also only stable when a bias field is present.  Various researchers have 
shown the existence of the field-induced tetragonal phase in relaxor ferroelectric single 
crystal specimens [29, 123, 186]. 
 
6.2.5.2 Spontaneous Strain and Polarization of the Orthorhombic Phase  
 From previous experimental measurements it is possible to estimate a component 
of the spontaneous strain tensor and the spontaneous polarization for the orthorhombic 
phase.  Previous experimental characterizations of [ ]011  oriented PMN-0.32PT single 
crystals measured the electric displacement along the [ ]011  axis in response to an electric 
field in the [ ]011  direction and a stress in the [ ]100  direction [45].  Strain was measured 
in the direction of applied stress.  Figure 6-7 shows a schematic of the single crystal 
orientation showing the cubic-referenced crystallographic axes and experimental data 



































Figure 6-7.  Experimental data for [ ]011  oriented PMN-0.32PT single crystal [45].  The 
blue dotted arrows represent the variants present in a rhombohedral single crystal poled 
along the [ ]011  axis and the thicker black dotted line represents an orthorhombic variant 
in a single crystal poled along the [ ]011  axis.  Measured strain and electric displacement 




 From Figure 6-7 it can be seen that a phase transformation from R →  O is caused 
by the application of stress and electric field doing sufficient work to overcome the phase 
transition threshold energy.  Equation (6-26) represents the work per unit volume done to 
an isothermal ferroelectric material. 
 
mmijij DEw Δ+Δ= εσ            (6-26) 
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The phase transformation is assumed to be initiated when the measured material response 
deviates from linear by 5% of the slope.  This point was determined for the measured 
data with a constant prestress value of -28MPa.  Utilizing Equation (6-26) the work 
density required for the initiation of an R → O phase transformation in PMN-0.32PT was 
calculated to be 348 mkJ .  Using this work density and the knowledge of the linear 
rhombohedral material properties, the initiation point for an R → O phase transformation 
can be estimated for electric field loading with no applied prestress.  Using the dielectric 
permittivity measured from experimental data, the electric field required to cause a phase 
transition without applied prestress was determined to occur at mmkV34.1 .  Assuming 
that the same increase in electric displacement and strain during an R → O phase 
transition occurs for every prestress level, the spontaneous strain s22ε  and polarization 
sP3  
can be estimated as -0.157 % and 0.337 C/m2, respectively.  This result is interesting 
because the spontaneous polarization of the rhombohedral phase for PMN-0.32PT was 
determined to be 0.365 C/m2, making it larger than the orthorhombic phase.  However, 
the component of the R phase along the [ ]011  axis is smaller than the spontaneous 
polarization of the orthorhombic phase, creating a positive phase transition driving force.   
 
6.2.5.3 Determination of Material Properties and Phase Transition Behavior 
 Successful implementation of a phase transformation model into the 
micromechanical model through assumed spatial chemical and structural heterogeneities 
depends on determining complete material property tensors for the orthorhombic and 
tetragonal phases in addition to further experimental investigations into phase 
transformation behavior.  For the PMN-xPT and PZN-xPT single crystal compositions 
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under consideration, both the orthorhombic and tetragonal phases are produced by the 
application of external load and are unstable in the unloaded condition.   
The following discussion on the determination of material coefficients is based on 
quasi-static measurements of the load stable O and T phases, similar to those conducted 
in Chapter 3.  Due to symmetry, there are 3 independent piezoelectric constants for the 
single-domain tetragonal phase ( )113223333322311 ,, ddddd ==  and 5 independent 
piezoelectric constants for the single-domain orthorhombic phase 
( )113223333322311 ,,,, ddddd .  Determination of the extensional components would require a 
single crystal specimen large enough to measure the longitudinal and transverse strain, 
simultaneously.  There are various methods for measuring quasi-static strain, including 
strain gages and laser Doppler techniques.  The shear coefficients for the O and T phases 
would be more difficult (potentially impossible) to experimentally determine.  In order to 
measure the shear constants, an electric field must be applied perpendicular to the poling 
direction.  For load stabilized phases an electric field larger than the coercive field would 
be required to transform the specimen into the new single-domain phase.  This would 
repole the material in the measurement direction, thereby changing the measured material 
constant. Increasing the specimen temperature decreases the electric field and stress 
required to initiate a phase transformation in PMN-0.32PT single crystals [45, 68].  
Experimental studies of 110  poled specimens show that with an ambient temperature of 
60oC in PMN-0.32PT the orthorhombic phase is present without an applied electrical of 
mechanical load.  Although the material coefficients in a relaxor ferroelectric are 
temperature dependent, it can be assumed that the relative ratio between components of 
the piezoelectric tensor would remain constant.  Measuring the material properties at an 
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elevated temperature could provide a complete set of piezoelectric coefficients that could 
be scaled by the extensional components measured at room temperature. Liu et al. [187] 
have measured the piezoelectric shear strain coefficients under a quasi-static electrical 
loading for 111  oriented PZN-0.045PT and PZN-0.08PT single crystals by a laser 
Doppler interferometer system using a heterodyne detection technique.  This technique 
was able to measure shear strain at a dc bias field of approximately 14 kV/cm.  Utilization 
a similar approach may allow for the measurement of shear coefficients in a heated 
specimen. 
 
6.2.6 Program Flowchart 
 The previously developed model is represented visually by a flowchart.  The 
interaction between each of the principle processes, calculations and decisions is shown 




Figure 6-8. Flowchart of computational process in volume fraction evolution model 
utilized in the stand-alone micromechanical model program.  
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Granular Orientation 
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6.3 Single Crystal Model 
 The previously formulated model has been used to simulate the behavior of PMN-
xPT and PZN-xPT single crystals.  The simulation results are compared to experimental 
measurements at various orientation angles. 
 
6.3.1 Orientation Dependence 
 The electromechanical response of relaxor ferroelectric single crystals such as 
PMN-xPT and PZN-xPT are orientation dependent.  The domain states for identical 
single crystals with different orientations are not the same.  This coupled with anisotropic 
material properties is the principal reason for the differences in the measured 
electromechanical behavior between 001 , 011  and 111  oriented crystals.  Although 
most experimental characterizations have focused on crystals aligned in one of those 
crystallographic directions (mostly 001  because of the larger electromechanical 
properties) several studies have been presented which show the measured behavior of 
single crystals at various off-axis orientation angles [45, 64, 66-68, 133, 134].  The 
presented model has been compared to the experimental measurements by Liu and Lynch 
[67] of PZN-0.045PT single crystals.  Single crystal specimens in this study were 
oriented at off-axis angles of α = 0, 10, 25 and 35o between the 001  and 111  
orientations.  Figure 6-9 shows a schematic illustrating α and x3 which represents the 







Figure 6-9. Schematic of a cubic unit cell showing how the off-axis angle was measured 
between the [ ]001  and the [ ]111  crystallographic orientations [67].  The x3 vector 




The same material properties and evolution parameters were used for all off-axis 
crystal simulations.  The spontaneous polarization was calculated from [ ]001  single 
crystal data and the spontaneous strain was assumed using the trend of measured 
remanent strain values from the various off-axis crystal specimens.   Figure 6-10 shows 
the comparison of the experimental data to simulations.  All simulations were compared 
to experimental measurements of PZN-0.045PT single crystals with a bias stress of -0.4 
MPa at various crystallographic orientations.  During simulations the material constants 
A, B, C and D were set to -0.2 × 106, 50, 0.15 × 106 and 1.0, respectively.  The relative 
switching thresholds, n1 and n2, were assumed to be 10 and 1.5, respectively.  The 
switching threshold of n1 = 10 eliminated the possibility of 180o switches.  The material 
was found to evolve primarily through 70o and 109o switches. 
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Figure 6-10. Comparison of simulations results to the measured electromechanical 
behavior of PZN-0.045PT single crystals.  The orientation of the single crystal specimens 
was varied and is labeled in each plot.  The blue circles are experimental data and the 
black line represents the simulation. 
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 Simulations were also done for various off-axis crystal orientation of PZN-xPT to 
determine the remanent strain and linear piezoelectric properties determined by the 
model.  Figure 6-11a shows the comparison between the experimental fit presented in 
Equation (6-11) to remanent strain measured in off-axis PZN-0.045PT characterizations 
and the model.  Figure 6-11b shows contrasts the linear piezoelectric coefficient 
measured from experimental data and determined from simulations. 
 













































Figure 6-11. Comparison of off-axis simulations to the experimental fit of remanent 




6.3.2 Micromechanical Modeling of Phase Transformations 
 The phase transformation model previously presented was included in the 
micromechanical model to demonstrate that with further research a general, multiaxial 
phase transformations behavior can be implemented into a micromechanical model.  The 
figures presented here are only possible because of the experimental measurements for 
domain engineered single crystal specimens by McLaughlin et al. [45]. These simulations 
represent an early effort at inclusion of the complex phenomenon of phase transitions in a 
micromechanical model.  As previously stated, there have been no investigations that 
have determined a full set of material coefficients for the orthorhombic phase.  In 
addition, the spontaneous strain and polarization must be deduced from a combination of 
experimental measurements and simulations.  In spite of these shortcomings, the initial 
findings show interesting results.  To tune the phase transformation portion of the 
micromechanical model the unipolar experiments of PMN-0.32PT were used because 
extensive test results of this composition are available [45, 68].  From these experimental 
findings, material constants for the orthorhombic phase can be assumed in addition to the 
initiation point of the R → O and O → R phase transitions.  Figure 6-12 shows the 
simulation results of the bipolar electric field loading of an [ ]011  oriented PMN-0.32PT 
single crystal.  This figure qualitatively shows that inclusion of phase transformation 






























Figure 6-12. Simulation of PMN-0.32PT single crystal with [ ]011  oriented electrical 
loading at 0MPa prestress.  Initial results show promise for further development of 
micromechanical model utilizing multiaxial phase transformations.  Inset figures show 




The phase transformation model was able to capture the gradual diffuse phase 
transition behavior because domain engineered crystals were tested which enabled the 
direct experimental measurement of the material response in each phase.  Inclusion of the 
phase transformation model would require the assumption of R ↔ O and R ↔ T phase 
transformations in a general, multiaxial case.   
 
6.4 Polycrystalline Model 
 Extension of the single crystal model to polycrystalline materials is accomplished 
by modeling many individual single crystal grains.  At the granular length scale a 
ferroelectric material is a complex network of grains, grain boundaries and 
inhomogeneities that cause an intricate system of interactions.  In the following 
simulations intergranular interactions and field induced phase transformations were not 
assumed.  In a real material, there is a complex network of local inhomogeneities that act 












behavior of each grain.  An accurate representation of this behavior would require a 
microstructure-based finite element model that would utilize the developed 
micromechanical model with phase transformations along with a network of assumed 
inhomogeneities.  Measurements of the types of inhomogeneities and their densities 
could potentially be obtained through electron backscatter diffraction measurements.  
This technique has already been used to study the thermal expansion induced microcracks 
in polycrystalline alumina [188]. Without the inclusion of phase transformations 
interesting conclusions can be drawn about the behavior of ferroelectric materials and the 
role of volume fraction evolution.  Such simulations may help to determine the 
magnitude of the effect of phase transitions in a polycrystalline ferroelectric.  500 
randomly oriented grains (4000 domains) were used during simulations because this was 
found to be greater than the minimum number of grains necessary to produce repeatable 
simulations of strain and electric displacement.  It was found that more than 
approximately 300 grains produced convergence of the remanent strain and polarization 
values.  Some elastic, piezoelectric and dielectric material properties of PMN-0.32PT 
single crystal specimens were previously measured [45].  These values were compared to 
the measured PMN-0.26PT single crystal material properties.  The ratio between the 
material properties of PMN-0.32PT and the material parameters of the volume fraction 
evolution model were assumed to be the same as PMN-0.26PT single crystal specimens.  
During simulation of the polycrystalline material, a different threshold for switching was 
utilized for 70.53o, 109.47o and 180o reorientations.  It was found that assuming n1 = 10 




6.4.1 Bipolar Electric Field Simulation of [ ]001  Single Crystal PMN-0.26PT 
Simulations were completed for [ ]001  PMN-0.26PT single crystal and compared 
to experimental data.  These simulations were done in order to determine appropriate 
material constants for volume fraction evolution of PMN-xPT single crystals of similar 
composition.  During simulations the material constants A, B, C and D were set to -0.2 × 
106, 50, 0.13 × 106 and 0.5, respectively.  Figure 6-13 shows the simulations of single 
crystal experimental data. 
 


































Figure 6-13. Comparison of simulations results to the measured electromechanical 






6.4.2 Bipolar Electric Field Simulations of Polycrystalline PMN-0.32PT 
The electromechanical response of simulated polycrystalline PMN-0.32PT to a 
bipolar electric field at constant bias stress were compared to experimental measurements 
[82].  It was found that the simulated strain and electric displacement hysteresis loops 
showed convergence at approximately 300 grains. During simulations 500 grains were 
used to ensure repeatable results.  Figure 6-14 shows the comparison of the model results 








































































































































Figure 6-14. Comparison of the experimental data (blue circles) and model simulations 
(solid black line) for a bipolar electric field with a constant stress bias of 0 MPa (a), -8 




6.4.3 Unipolar Stress Simulations of Polycrystalline PMN-0.32PT 
 The electromechanical response of polycrystalline PMN-0.32PT to a unipolar 
compressive stress load at a constant electric field bias was simulated.  During 
simulations electric field biases of 0, 1 and 2 times the coercive field value were applied.  







The initially unpoled polycrystalline material modeled required the application of a 
simulated unipolar electric field to align the polar axes of each grain prior to simulated 
mechanical loading.  If a simulated electric field was not applied prior to mechanical 
loading then no dielectric depoling was observed.  This is a similar behavior to that 
observed in real ferroelectric materials.   Figure 6-15 shows the simulation results.  There 
are no experimental measurements of polycrystalline PMN-0.32PT specimens subjected 
to unipolar compressive stress loading for comparison to simulations. 


























Figure 6-15. Simulations of unipolar compressive stress loading at constant electric field 
bias levels on the longitudinal strain (ε33) and electric displacement (D3) response of 
















 Volume fraction evolution in single crystal and polycrystalline ferroelectric 
materials is a complicated phenomenon that is dependent at multiple length scales on 
applied fields, local interactions, orientation and nonlinear material behaviors.  The 
measured material coefficients of relaxor ferroelectrics have been shown to be dependent 
on loading orientation, load frequency and composition [45, 66-68, 133].  The proposed 
model utilizes a micromechanical model with volume fraction evolution scheme which 
makes the approximation that domains do not switch simultaneously.  This model was set 
to accurately present experimentally measured single crystal behavior.  Extension was 
made to polycrystalline material by volume averaging the effects of numerous randomly 
oriented single crystal grains.  Simulations differed from experimental data; a discussion 
of the model follows.  
 Ferroelectric single crystal materials can have multiple domains simultaneously 
that evolve in response to applied fields and internal flaws and interactions.  This is an 
extremely complex behavior where each domain wall type potentially moves in a 
different method and interactions between defects, specimen boundaries and other 
domains can affect the measurable response.  Predicting these intricate networks of 
interactions is extremely difficult, if not impossible.  Approximations are necessary to 
help account for this behavior.  The presented model uses a single volume fraction 
evolution model that is tuned through material parameters semi-empirically fit to 
experimental data.  The presented model is shown to be in excellent agreement with 
measured single crystal behavior without a complex volume fraction state.  The 
simulations, however, only take into account the linear material properties and do not 
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account for interactions and lattice distortion effects which may cause some of the 
measured nonlinear strain response at higher electric field levels. 
The single crystal model was compared to experimental measurements of 
electromechanical behavior PZN-0.045PT single crystals with an off-axis crystal cut.  
The model was shown to more correctly correspond to single crystal measurements in the  
001  orientation.  The model did not correctly predict the amount of hysteresis or the 
coercive field in the 25o and 35o crystal cuts.  With reasonable accuracy, the simulated 
results matched the slope of the linear piezoelectric material behavior in each orientation, 
the remanent strain and the general shape of the hysteresis loops.  The same material 
constants for volume fraction evolution were used in all simulations.  By changing these 
factors, each off-axis loop could be accurately represented.  This suggests that the volume 
fraction evolution model may be orientation dependent or a function of the current 
domain state.  In the 001  orientation the domain state is stable and relatively simple as 
compared to the 25o and 35o off-axis orientations.  Prediction of the current domain state 
for these orientations is more complicated.  To account for the effects of a domain state 
phase field modeling would be required. An analysis of this type would be complex and 
computationally intensive.  
 Extending the single crystal model to polycrystalline materials added an 
additional length scale and its inherent additional interactions and nonlinear intergranular 
effects.  Polycrystalline materials are comprised of many randomly oriented and sized 
single crystals that are arranged in a matrix interspersed with defects such as porosity and 
inclusions.  In this study intergranular interactions were assumed negligible, although it 
was assumed that 180o and 109.47o switches required 10 and 3 times more work done 
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than 70.5o switches, respectively.  It can be seen from Figure 6-14 that the model 
accurately predicts the coercive field of the polycrystal from measured single crystal 
material properties.  Through modeling, it has been found that by increasing the energy 
barriers for 180o and 109.47o switches the coercive field of the polycrystal is increased.  
This lends credence to 70.53o switching dominating when each of the single crystal 
grains are constrained by grain boundaries and applied with local stress and electric fields 
created by intergranular interactions.  In addition, the same domain evolution parameters 
used to model the single crystal specimen were used for the polycrystalline material 
simulations despite the compositional difference.  This may have affected the domain 
evolution behavior and led to inaccuracies.  During simulation there were no 
intergranular interactions or phase transformation effects included because these 
mechanisms are highly dependent on the local fields generated by inhomogeneities.  To 
incorporate local inhomogeneities would obscure the domain wall motion effects and act 
as a curve fitting tool since the random system of interactions would be completely 
assumed to best fit experimental data. 
 It can be seen from Figure 6-14 that there was an abrupt change in electric 
displacement during bipolar loading as the reverse coercive field was reached.  This is 
because the simulations utilized a single coercive field value.  In real materials, even 
though a domain may be favorably aligned for reorientation to another spontaneous 
polarization direction, there is most likely a distribution of switching initiation points due 
to interactions at different length scales.  This distribution of switching fields causes the 
material response to have a more gradual transition to the reverse polarization direction.  
There is also possibly a separate volume fraction evolution relationship for stress induced 
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switching.  Figure 6-14 also shows a decrease in the required electric field to cause 
reverse polarization due to applied stress bias in the simulations.  This effect is not as 
great as that seen in the experimental data.  The unipolar stress cycle simulations in 
Figure 6-15 show that stress begins to cause reorientation at approximately -35 MPa.  
The stress bias used during experimentation was not large enough to cause stress induced 
depolarization.  Real ferroelectric polycrystalline materials may also have local stress 
risers which could cause stress depoling at lower applied stress levels.  The longitudinal 
strain experimental results show that there is a softening of the wells around the coercive 
field as the bias stress is increased.  This region that was initially sharp becomes 
shallower and has less of an abrupt change as the material reverses polarization direction.  
The simulations also show this trend.  At the highest presented bias stress level of -16 
MPa the remnant strain value is slightly over-predicted.  This may be due to the 
beginning of a phase transformation in the material.  It has been previously shown that 
the phase transformation of 001  oriented PMN-0.32PT single crystals begins at 
approximately -15 MPa without electric field bias.  It has also been shown that phase 
transformations can occur in various compositions of PMN-xPT specimens [29, 45, 68, 
133, 134].  Single crystal specimens show phase transformations in response to applied 
fields more clearly than polycrystalline materials.  This is because each grain can undergo 
a phase transformation at a different load level due to local interactions and random 
orientations.  Because these effects are averaged it is possible that a phase transformation 
is not directly observed under low loads.  Phase transformation behavior was not included 
in the simulation of polycrystalline or single crystal specimens.  
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 The micromechanical model has been extended to the simulation of the 
longitudinal strain and electric displacement response of poled polycrystalline PMN-
0.32PT to a unipolar compressive stress load with constant electric field bias levels.  
Simulations were done with the same volume fraction evolution model that was utilized 
to in bipolar electric field loading.  It is possible that the reorientation behavior of 
domains is dependent on the type of loading applied.  There are potentially internal 
interactions which may be affected differently by stress than electric field, changing the 
switching behavior.  Experimental measurements of the velocity of domain walls in 
gadolinium molybdate [61] have shown that the ratio of stress driven domain wall 
mobility to the electric field driven domain wall mobility were equal to the ratio of the 
spontaneous strain to the spontaneous polarization, lending credibility to the previous 
statement. The simulations in Figure 6-15 show that when no electric field bias is present 
the specimen begins depoling at approximately -35 MPa.  Complete depolarization 
occurred at approximately -130 MPa.  The presence of an electric field however causes 
some of the domains to reorient upon the release of the mechanical load.   
 The presented model correlates well with experimental measurements of single 
crystal specimens.  Utilization of the single crystal model to simulate polycrystalline 
behavior shows good predictive capabilities.  The model was able to predict the behaviors 
of the polycrystal during electromechanical loading.  This model is intended to further the 
understanding of domain volume fraction evolution and the effects on polycrystalline 





6.6 Concluding Remarks 
 A micromechanical model has been presented which takes into account volume 
fraction evolution at the grain length scale in relaxor ferroelectric materials.  Each grain 
was assumed to evolve independently and without interaction in order to show the 
volume fraction evolution of single crystal on polycrystalline materials.  It was assumed 
that the evolution of one domain to each of the possible other domains progressed 
identically.  This model has been shown to be in good agreement with single crystal and 









































The development of relaxor ferroelectric single crystals exhibiting exceptional 
electromechanical properties has led to their utilization in many high-performance 
engineered structures.  In addition to excellent material properties nonlinear, hysteric 
constitutive and phase transformation behavior has been observed.  The complexity of the 
nonlinear behavior has motivated the presented research.   
In Chapter 3 an improved experimental technique for measuring quasi-static 
constitutive behavior of ferroelectric materials was presented.  This technique was able to 
reduce (or possibly eliminate) the clamping effects experienced during compressive stress 
loading by stacking three equally sized specimens and measuring strain only from the 
center specimen.  Experimental measurements of the electromechanical behavior of 
single crystal 001  PMN-0.26PT and polycrystalline PMN-0.32PT were presented.  
These data showed that the polycrystalline materials exhibited increased hysteresis and 
lower electromechanical couplings.  This difference was postulated to be due to the local 
network of inhomogeneities and random granular orientation not present in a single 
crystal.  These experimental measurements served as the basis for modeling efforts. 
In Chapter 4 the experimental measurements taken at NUWC for two 
compositions of single crystal 001  PMN-xPT were analyzed.  These data provided 
three-dimensional surface plots of the constitutive and phase transition behavior.  The 
compositional dependence of relaxor ferroelectric materials was shown.  As the 
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composition of PT decreases in PMN-xPT single crystals phase transformations were 
shown to have an increased energy threshold and lower linear compliance, piezoelectric 
and dielectric material properties.   
In Chapter 5 a model of the field driven continuous phase transformations 
observed in relaxor ferroelectric single crystals was presented.  This model assumed that 
relaxor ferroelectric phase transition behavior was caused by spatial chemical and 
structural heterogeneity at the nanometer length scale.  Through the inclusion of a work-
energy analysis combined electromechanical loading was simulated.  Knowledge of the 
complete single-domain material coefficients were not required as the material properties 
were measured directly from experimental data.  This work simulated the observed 
continuous phase transitions exceptionally well and suggests that phase transformations 
are initiated when externally applied work reaches a critical value. 
In Chapter 6 a volume fraction evolution micromechanical model was presented.  
Experimental results for single crystal specimens show non-instantaneous domain 
switching due to domain wall motion.  This prompted the development of a volume 
fraction evolution model for single crystal materials.  The model was developed from 
measured single-domain compliance, piezoelectric and dielectric material properties, not 
from material properties assumed from measurement of polycrystalline specimens.  The 
single crystal experimental results from Chapter 3 were used to tune the evolution 
parameters.  Utilizing this information, measured polycrystalline data from a similar 
composition were simulated.  There was no inclusion of intergranular interactions, as this 
would have served as a fitting parameter and obscured the effects of the volume fraction 
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evolution.  It was shown that the use of single-domain material properties could be used 
to accurately represent polycrystalline behavior. 
The results presented from this research proved an improved understanding of the 
nonlinear polarization evolution and phase transformation behavior in relaxor 
ferroelectrics.  The experimental measurements and subsequent analytical analysis 
furthered the understanding of the phase transition behavior and the effects of 
mechanisms in polycrystalline materials.  The developed models gave theoretical insight 
into the mechanisms governing continuous phase changes and volume fraction evolution 
in relaxor ferroelectrics.   
 
Open Issues 
  Although relaxor ferroelectric materials have been known of for over 50 years, 
there is still much yet to be understood about their behavior and the underlying 
mechanisms which cause it.  There have been numerous experimental studies that have 
sought to understand the micro- and meso-scale structures through high resolution X-ray 
powder and neutron diffraction [189-195], piezoresponse force microscopy [196-202] 
and transmission electron microscopy [203, 204].  This experimental data is vital to 
unlocking the secrets of ferroelectric material behavior. 
The presented dissertation has identified several important directions for future 
study.  Firstly, the electric field and stress induced phase transformation behavior 
presented in Chapters 3 and 4 assumed the phase during mechanical and electrical 
loading from knowledge of the crystallographic orientation.  These assumptions must be 
confirmed through diffraction studies of ferroelectric single crystals with external loads 
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in the same crystallographic orientations.  Recent work has investigated the evolution of 
the domain structure and phases in poled and unpoled PZN-0.045PT during cooling from 
an increased temperature with neutron diffraction [194].  A similar study that considered 
the effects of external stress and electric field is needed. 
Secondly, it has been shown that external fields can initiate orientation and 
composition dependent phase transitions in relaxor ferroelectric materials.  However, the 
single-domain material properties of the load stable O and T phases have not been 
satisfactorily experimentally identified.  At present there has been relatively few material 
coefficients experimentally determined for these load stable phases.  Because of the low 
symmetry in the O phase, complex measurements will be likely be required during 
simultaneous multi-field loading.  It has been shown in Chapter 6 that the presented 
phase transformation model can be implemented into the micromechanical model.  
Prediction of the multi-axial phase transformation behavior that would be required for a 
general micromechanical model would be complex and require comparison to phase field 
modeling. 
Thirdly, the compositional dependence of relaxor ferroelectric PMN-xPT was 
illustrated in Chapter 4.  Presently, this study is limited by the number of experimental 
data available.  The model of the continuous field-driven phase transformations presented 
in Chapter 5 has shown excellent agreement with experimental data and predictive 
capabilities.  Single crystal 001  oriented PMN-0.26PT data has been presented in 
Chapter 3.  Utilizing previous single crystal PMN-0.32PT experimental data [68], it may 
be possible to extend this model to include compositional effects and could produce the 
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predictive ability to determine a map of the linear material coefficients through the R → O 
phase transformation as a function of composition and applied load.   
Fourthly, much remains to be discovered about the complex phenomena of 
domain wall motion.  There have been limited studies that measured the velocity of a 
domain wall in response to external fields.  Flippen [61] qualitatively measured the 
velocity of a domain wall as a function of applied electric field and stress in gadolinium 
molybdate.  It was shown that the ratio of stress driven domain wall mobility to the 
electric field driven domain wall mobility was equal to the ratio of the spontaneous strain 
to the spontaneous polarization.  Lupascu et al. [205, 206] have studied 
ferroelectric/ferroelastic domain wall motion in gadolinium molybdate through the 
analysis of the discontinuities in the switching current, the ferroelectric Barkhausen 
pulses and in the acoustic emissions.  Tikhomirov [207] was able to make optical 
measurements of an individual ferroelectric/ferroelastic domain wall oscillation due to a 
bipolar electric field in gadolinium molybdate.  It was shown that oscillations were 
reduced to zero when the temperature was increased to the phase transition temperature.  
There have been promising phenomenological finite element-based domain wall motion 
models that have considered the effect of defects [115-117] and domain walls with finite 
thickness [208].  Further experimental work is required on the motion of domain walls in 
relaxor ferroelectric materials, especially in the vicinity of singularities, to expand these 
analytical studies.  These measurements are crucial for creating an accurate constitutive 
model.   
Finally, despite everything that is known about polycrystalline ferroelectric there 
is still more work needed to understand the effects of grain boundaries on switching and 
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phase transformations in ferroelectric polycrystalline materials.  The micromechanical 
model developed from single crystal data presented in Chapter 6 showed good correlation 
with polycrystalline data of a similar composition. In this model, volume fraction 
evolution was included while phase transitions were excluded.  Additional studies are 
required on the effects of constrained boundaries on phase transformations.  It is possible 
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